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Abstract 

Arginase-1 deficiency is a rare, autosomal recessive disorder of the urea cycle that normally 

converts ammonia to less toxic urea.  Symptoms include neurodegeneration, spastic diplegia and mental 

retardation. We designed a Clustered Regularly Interspaced Palindromic Repeat (CRISPR)/Cas9 system 

to correct an induced Arg1 exon 7 and 8 deletion (Arg1∆) that produces arginase-1 deficiency in mice. 

Three cell lines were generated to study this disease. The first was primary mouse embryonic 

fibroblasts isolated from Arg1∆-mice (Arg1∆-PMEF). The second was mouse induced-pluripotent stem 

cells converted from the aforementioned PMEFs (Arg1∆-miPSC). The third was human embryonic 293T 

kidney cells with introduced Arg1∆-transgenic DNA (Arg1∆-HEK). These three cell lines were transfected 

with a targeted Cas9:guide-RNA (gRNA) plasmid.  PCR amplicons were subjected to a heteroduplex 

cleavage assay and sequenced to confirm Cas9 cleavage just upstream of the exon 7 and 8 deletion site. 

DNA cleavage by Cas9:gRNA can promote homologous recombination with a single-stranded 

oligodeoxynucleotide (ssODN) to produce small edits in the genome of miPSCs. This mimicked an 

editing strategy that could be used to correct single nucleotide mutations in Arg1. Homologous 

recombination was also used to introduce a targeting vector containing both wild-type exon 7 and 8 

cDNA and a removable positive-negative selection cassette in miPSCs. PCR analysis and sequencing of 

“targeted” (positively selected) cells has shown the presence of the repair vector in the correct location in 

Arg1. Attempts were made to subsequently remove the selection cassette by PiggyBac transposase. The 

“repaired” (negatively selected) miPSCs were probed by PCR to test for the correct incorporation of 

exons 7 and 8, showing unclear results. These cells were converted to hepatocyte-like cells showing the 

correct morphology and staining positive for glycogen.  Future tests will be conducted to introduce these 

hepatocyte-like cells into Arg1-deficient mice. These experiments will serve as a functional model to test 

gene editing in arginase-1 deficiency. Because the CRISPR/Cas9 system can be designed to target any 

gene precisely, it has far-reaching applications, particularly for genetic disorders. 
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Chapter 1 

Introduction 

1.1 Urea Cycle Disorders 

The urea cycle metabolizes ammonia that is produced during the routine breakdown of proteins. 

There are six characterized urea cycle disorders (UCDs), each stemming from a loss-of-function mutation 

in one of the six enzyme-encoding genes. This leads to an insufficient clearance of ammonia by the liver 

and thus varying degrees of hyperammonemia depending on the specific enzyme that is affected. The 

proximal three enzymes are found in mitochondria [N-acetyl-glutamate synthase (NAGS), carbamoyl 

phosphate synthase-1 (CPS1) and ornithine transcarbamylase (OTC)], while the distal three are cytosolic 

[argininosuccinate synthase (ASS), argininosuccinate lyase (ASL) and arginase-1 (ARG1)] (Fig.1-1). 

The hallmark symptom of most UCDs is hyperammonemia, which leads to neurodegeneration, 

severe learning disabilities and seizures 1. The combined incidence of urea cycle disorders is predicted to 

be 1 in 35,000 births per year in the United States 2. Neonates that presented with hyperammonemia 

during the neonatal period showed a higher mortality than those who presented post-neonatally 3, thus 

blood ammonia levels are tested as part of newborn screening. Treatments include ammonia scavenger 

drugs (sodium phenylbutyrate or glycerol phenylbutyrate) and restrictions on protein intake 4. These 

prodrugs are metabolized into phenylacetic acid, which binds glutamine for excretion, reducing the 

overall nitrogen concentration of the blood 5. Anaplerotic supplements, such as L-citrulline and arginine 

can be given in concert with these drugs to stimulate reactions in the urea cycle 6. The focus of this study 

is on ARG1-deficiency, which is one of the rarest UCDs and there has been very little study conducted on 

it to the best of our knowledge.  
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Figure 1-1: The Urea Cycle                                                                                                                        

The urea cycle with aspartate included as an anaplerotic metabolite. Mitochondrial: N-acetyl-glutamate synthase 
(NAGS), carbamoyl phosphate synthase-1 (CPS1), ornithine transcarbamylase (OTC). Cytosolic: argininosuccinate 
synthase (ASS), argininosuccinate lyase (ASL) and arginase-1 (ARG1). Transporters: aspartate-glutamate carrier 
(AGC), ornithine translocase-1 (ORNT1). Adapted from Lanpher et al, 2006 7. 
  

Mitochondrion* Cytosol*

1"



 3 

1.2 Arginase-1 Deficiency 

Arginase deficiency is the loss of ARG1 enzyme activity. There are currently 41 known 

potentially disease-causing mutations spread fairly uniformly amongst the eight exons and several splice 

acceptor sites of ARG1. The majority of these mutations are missense (18), nonsense mutations (5) 

and small deletions (9) (Table 1-1) 8. The incidence of this disease is estimated at 1:300,000-

1:2,000,000 live births, with the most complete study indicating 1:950,000 from combined databases in 

the USA and Europe 2. This is a pan-ethnic disease, with cases ranging from Arabic, Korean, Puerto 

Rican, Chinese, French-Canadian, Italian, Portuguese (mainland and Madeira Islands), Brazilian, 

Pakastani, Hispanic, Japanese, Turkish, Ashkenazi Jewish and Caucasian descent 8. About half 

of reported cases are compound heterozygotes, meaning they have two or more monoallelic 

mutations, while the other half is homozygous for one mutation. 

Because ammonia in the form of argininosuccinate can be shunted into other metabolic pathways 

(Fig. 1-1), arginase deficiency does not usually produce an increase in circulating ammonia in humans 9. 

Instead, there is a marked increase in circulating arginine and other guanidino compounds (GCs) 9,10. 

These GCs (arginine included) can cause encephalopathy at increased levels, which typically leads to 

mental retardation, growth defects and spastic diplegia if left untreated. With proper dietary restrictions 

and pharmaceuticals, the majority of patients (75%) can live manageable, albeit somewhat handicapped 

lives 9. The other 25% have more severe symptoms and cannot manage their nitrogen load under strict 

dietary limitations 10,11. There has been limited study on the relationship between genotype and 

phenotype, however in general patients with nonsense mutations often have a more severe form of the 

disease 8. 
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Table 1-1: Known Mutations of Arginase-1 Deficiency 

# DNA Mutation Position Within Gene Protein Mutation 
1 c.23T>A Exon 1 p.I8K 
2 c.32T>C Exon 1 p.I11T 
3 c.34G>T Exon 1 p.G12* 
4 c.57+1G>A Intron 1 (splice site) p.? 
5 g.del10753GB_AL121575  # p.0? 
6 c.61C>T Exon 2 p.R21* 
7 c.67delG Exon 2 p.V24Wfs*8 
8 c.77delA Exon 2 p.G27Afs*5 
9 c.80G>A Exon 2 p.G27D 
10 c.93delG Exon 2 p.R32Efs*16 
11 c.221G>T Exon 3 p.G74V 
12 c.223A>T Exon 3 p.K75* 
13 c.262_265delAAGA Exon 3 p.K88Rfs*45 
14 c.292G>A Exon 3 p.G98S 
15 c.305+1323T>C Intron 3 # p.0? 
16 c.365G>A Exon 4 p.W122* 
17 c.374C>T Exon 4 p.A125V 
18 c.383A>G Exon 4 p.D128G 
19 c.385_387delATC Exon 4 p.I129del 
20 c.401C>T Exon 4 p.T134I 
21 c.413G>T Exon 4 p.G138V 
22 c.422A>T Exon 4 p.H141L 
23 c.425G>A Exon 4 p.G142E 
24 c.466-1G>C Intron 4 (splice site) p.? 
25 c.466-2A>G Intron 4 (splice site) p.? 
26 c.523delG Exon 5 p.V175Cfs*5 
27 c.539G>C Exon 5 p.R180T 
28 c.560+5G>A Intron 5 (splice site) p.? 
29 c.646_649delCTCA Exon 6 p.L216Afs*4 
30 c.647_648ins32 Exon 6 # p.? 
31 c.673delA Exon 7 p.R225Gfs*5 
32 c.695A>T Exon 7 p.D232V 
33 c.700G>C Exon 7 p.D234H 
34 c.703G>A Exon 7 p.G235R 
35 c.703G>C Exon 7 p.G235R 
36 c.712_713dupGGACC Exon 7 # p.? 
37 c.842delC Exon 8 p.L282Wfs*8 
38 c.871C>T Exon 8 p.R291* 
39 c.892G>C Exon 8 p.A298P 
40 c.913G>A Exon 8 p.G305R 
41 c.923G>A Exon 8 p.R308Q 
− p.?, protein has not been analyzed but an effect is likely expected but difficult to predict; p.0?, probably no 

protein is produced 
− #, Entry 5: a large deletion of 10753 nucleotides from the 1st intron to past the poly(A) site; the exact 

reference positions are difficult to deduce from the reported publication 
− #, Entry 15: an exon-splicing enhancer mutation that leads to a cryptic splicing of intronic sequence verified 

at the mRNA level and predicted to lead to a frameshift in the protein coding sequence 
− #, Entry 30: the 32-nucleotide insertion was not specified so the correct protein designation can not be 

specified exactly but this mutation will definitely lead to a frameshift in the protein coding sequence 
− #, Entry 36: the predicted protein effect p.P238Rfs*77 differs from 254X designation in original publication 
− p.T290S variant not included as unlikely to be disease causing 

The 41 known mutations that produce ARG1-deficiency in humans are shown. Each mutation with its corresponding 
position and effect on protein translation is given, if it is known. Current Human Genome Variation Society 
nomenclature is used, which differs in some cases from the original designations in the literature describing the 
mutations. An asterisk (*) in the protein mutation refers to a stop codon (ex: p.R21*, stop codon after R21). The 
position of the stop codon downstream from a frameshift mutation is given after the asterisk, where the newly 
substituted amino acid is position 1 (ex: p.V24Wfs*8, stop codon 7 aa downstream from W24). [Reference 8]  
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Patients with severe proximal UCDs have been successfully treated by liver transplant (95% 

survival rate past 5 years post-transplant 12), and it is a plausible option for severe arginase deficiency. 

But, these patients must take immunosuppressive drugs, which can have side effects. Also, the supply of 

donor livers does not match the demand 13, thus it is important to consider alternative options. 

 

1.3 The Arginase-1 Enzyme 

Arginase was isolated from liver tissue in 1904 14. It is the sixth and final enzyme in the urea 

cycle, and hydrolyzes arginine to ornithine and urea. Urea is secreted into the blood and excreted in urine, 

while ornithine is recycled to continue the urea cycle (Fig.1-1). There are two isoforms of arginase, 

ARG1 and ARG2, which are encoded by two separate genes in the human genome, ARG1 and ARG2 

respectively. These two enzymes share 60% amino acid sequence homology, and have similar catalytic 

properties 15. They differ, however, in tissue distribution, subcellular localization and metabolic function. 

ARG1 is found mainly in the liver, but to a lesser extent in erythrocytes, where the enzyme does not have 

an obvious function 15. ARG2 is found in extrahepatic tissues, and is associated with other arginine 

metabolic pathways, most notably the synthesis of glutamate, γ-aminobutyric acid (GABA) and nitric 

oxide (NO), as well as polyamines, L-citrulline, proline and creatine 15–17. 

ARG1 (NCBI Gene ID: 383) is 11.1 kb and is comprised of eight exons and seven introns falling 

in the 6q23 band of chromosome-6. The first crystal structure elucidated for ARG1 revealed at 2.1 Å 

resolution that there are two Mn2+ binding sites in each catalytically active monomer of the homotrimeric 

enzyme (Fig. 1-2A) 18,19. Each monomer contains 322 aa and the molecular mass is 105 kDa in the 

trimeric form. The active site of a monomer contains three highly conserved histidines (His101, His126, 

His141, Fig. 1-2B) 20 with associated aspartic acid residues, which is common to hydrolase active sites 21. 

Binuclear Mn2+ coordinates with these three conserved pairs 22–24. Once bound, it activates a hydroxide to 

undergo nucleophilic attack of the guanidine moiety in arginine, producing ornithine and urea (Fig. 1-

2C)24. 
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Figure 1-2: Arginase Structure and Function 

The arginase-1 enzyme (PDB# 2PHA). A) Crystal structure of ARG1 at 1.90Å, from Di Costanzo et al, 2007 19. 
Three catalytically active monomers trimerize in the fully folded protein. One binuclear Mn2+ is bound to each 
monomer, shown as grey balls. B) Stick representation of amino acids found at the active site. Three highly 
conserved histidines (101, 126, 141, green arrows) and associated aspartic acid residues (124, 181, 232) bind the 
Mn2+ catalysts (red balls, A and B). C) The mechanism of the arginase reaction shows that binuclear Mn2+ activates 
hydroxide (OH-) to nucleophilically attack the guanidine moiety of arginine to produce ornithine and urea. B) and C) 
adapted from Santhanam et al, 2008 20. 
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Mouse arginase-1 (Arg1) is highly similar to the human enzyme. It is 323 aa (105 kDa in trimeric 

form) homotrimeric protein coded by the 12.2 kb mouse arginase-1 gene (Arg1, NCBI Gene ID: 11846) 

found on chromosome-10 25. It also possesses the orthologous three histidine-aspartate Mn2+ binding sites 

within the active site. Arg1 knockout mice show similar arginine metabolite profiles as humans ARG1-

deficiency 26, making it an adequate organism for study of arginase deficiency. 

 

1.4 Arginase-1-Deficient Mouse Model 

Iyer and colleagues generated a homozygous Arg1-knockout (Arg1-KO) model to study the 

disease pathology 26. Their model partially mimicked the human disease with severe neurological 

impairments, but showed profound hyperammonemia accompanied with hyperargininemia, which is not 

commonly seen in the human disease. Also, humans often live into adulthood, but these mice met their 

humane end-point reproducibly at postnatal day 10-14. It was later found that other guanidino compounds 

in addition to arginine had a marked increase in subsequent models and in patients 27,28. These studies 

elucidated the fact that ammonia was not the sole contributor to pathology in arginase-1-deficiency in 

mice or in humans.  

The Arg1-KO, used in this study, employs the Cre-LoxP excision system, creating an inducible 

homozygous-Arg1-KO. By mating homozygous-Arg1flox mice 29 with homozygous-R26-CreERT2 mice 30, 

Sin et al were able to create mice that could delete the “floxed” (flanked by LoxP sites) exons 7 and 8 at a 

desired time point (Fig. 1-3) 31. This Cre-recombinase is restricted to the cytoplasm by the estrogen 

receptor-T2 (ERT2) moiety until it binds to tamoxifen or 4-hydroxytamoxifen (4-OHT) 30. These estrogen 

analog drugs permit Cre-recombinase entry into the nucleus where it can act on the genome to remove 

exons 7 and 8. Where mice in previous models always die in the perinatal period, the onset of disease can 

be controlled in this model, allowing for further study of impairment to somatic cell growth and 

neurological damage. The resulting mice were shown to be almost completely devoid of Arg1 activity 31. 
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Figure 1-3: Inducible Arginase-1 Deficiency Mouse Model 

A graphical representation of the genotypes of bred mice is shown. Arg1flox mice are homozygous for “floxed” exons 
7 and 8, and R26-CreERT2 mice are homozygous for the Cre-recobinase (Cre) to estrogen receptor-T2 (ERT2) fusion 
protein inserted in intron 1 of the ROSA26 gene. After 2 generations of crossing, progeny that are homozygous for 
Arg1flox and hemi- or homozygous for R26-CreERT2 were injected with 4-OHT (neonates) or tamoxifen (4-, 8-, and 
12-week old mice). Both drugs are estrogen analogs that bind ERT2 and activate Cre to delete exons 7 and 8. Note 
that there is a remnant LoxP site after Cre-excision. Adapted from Sin et al, 2013 31.  
  

F2#

Tamoxifen#or#4/OHT#
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Although the currently available mouse models do not mimic every aspect of the human disease, 

studies in these animals may still shed some light into treatment strategies for humans. Furthermore, as 

there are only a small number of ARG1-deficiency cases in North America, it is difficult to get the 

amount of tissue needed to do multiple assays for protein function, genotype, and to do manipulation of 

that genome. Using mice provides a greater pool for tissues to measure the function of Arg1 and the 

build-up of arginine and its metabolites. The focus of this study, however, lies in the genetics behind 

Arg1-deficiency, and more specifically how the genome can be altered in order to correct it. Thus, use of 

the inducible mouse model described above is amenable for this research. 

 

1.5 Genome Engineering 

Genome engineering refers to the strategies and techniques of inserting, deleting or modifying 

genetic material in order to affect the genome of an organism and its expression. Since the structure and 

function of DNA was elucidated in the 1940s and ‘50s, research has exploded with experiments trying to 

further understand the relationship between the fundamental biomolecules and the phenotypes that we see 

in fully functioning organisms. Scientists were simply trying to understand what DNA was, and how it 

could code for all of life. It took but a few decades to understand the relationship between DNA, RNA 

and proteins and how that relationship was perturbed in disease, so the challenge arose of how to 

manipulate DNA to prevent said disease. In the past few years, engineering and manipulation of genes has 

allowed researchers to stimulate, repress and alter them. Everything from making fluorescent mice to 

track transplanted cells 32, to altering algal metabolism to enhance CO2 fixation to make biofuel 33, to 

engineering cotton that produces its own insecticide as it grows 34, and even curing HIV in humans 35,36 

have become or are quickly becoming realities in the world of genome engineering. Genome engineering 

in the field of medicine is rapidly growing, branching basic research to clinical sciences. A few examples 

of diseases being targeted by genome engineering include Duchenne muscular dystrophy 37, macular 

degeneration 38, and hemophilia 39. 
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1.6 Gene Therapy 

Gene therapy is one application of genome engineering. It involves the treatment of genetic 

disorders using vectors that deliver healthy genes into the host. This can be done directly in the host using 

viral or plasmid-based delivery of genes, or can be done indirectly by delivering genes into stem cells for 

subsequent transplant. The former is discussed below. 

The first use of viral vectors was the SV40 virus to introduce synthetic cDNA into human cells 40. 

Even though this virus typically only attacked simians, it could also incorporate into human hosts in an 

unpredictable fashion. Researchers then switched to the safer attenuated adenovirus in a trial attempting 

to treat OTC-deficiency in 1995 41. Sadly, two years after his first viral administration in 1997, Jesse 

Gelsinger died of a massive immune response to the virus that caused systemic inflammation and organ 

failure. Following that trial, a clinical trial in 2000 to treat X-linked severe combined immunodeficiency 

disorder (X-SCID) using retroviral vectors was conducted 42,43. However, after almost three years into the 

trial, two subjects developed T-cell leukemia symptoms after the retrovirus genome integrated into the 

LMO2 proto-oncogene 44,45.  

In order to prevent similar catastrophes, researchers moved to the safer adeno-associated virus 

(AAV), which has little immunogenicity 46. AAV was introduced in a clinical trial for lipoprotein lipase 

deficiency in 2005 47. Further adjustments were made in a subsequent trial in 2011 for hemophilia 39. 

They used AAV serotype 8, which infects hematopoetic cells more specifically and was reengineered to 

have a so-called “self-complementary” single RNA genome which folds on itself, inhibiting degradation 

and thus increasing expression longevity. Taken together, this greatly reduced the required vector dosage, 

making for a much safer treatment protocol. This AAV8 was packaged with the gene for factor IX in 

order to treat hemophilia-B. There was remarkable success as all 10 patients were successfully treated. 

They continue to be healthy three years post-trial, although they must take immunosuppressive drugs 

(albeit a smaller dose than liver transplant patients 39), and must be monitored for potential integration-

related issues. Since then, more clinical trials in gene therapy have emerged, notably for macular 
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degeneration (2014) 38. A viral vector for lipoprotein lipase deficiency has also been approved for use by 

the European Medicines Agency (2014, Glybera 47). 

Viral gene therapy is a potentially viable treatment protocol for a large number of genetic 

disorders, but it does come with some inherent risks and limitations. For instance, no matter the reported 

safety of the virus being used, there is always the risk of integration-related disorders. Furthermore, the 

virus employs foreign proteins, and is thus subject to immune response. This means that in order to 

reduce the chances of having a major immune response, patients must take immunosuppressive drugs 39. 

Also, the expression from the viral genome may have a limited lifespan, so patients may need multiple 

expensive treatments. Glybera is said to be the most expensive of any therapy currently available, where 

each treatment is estimated to cost 1.6 million USD 48. Most importantly, an exogenous promoter must 

precede the introduced gene, which means there is no physiological regulation of its expression. 

Some researchers have tried injecting the plasmids encoding transgenes directly 37. This mitigates 

the issue of immune cell destruction of the vector, but the issues of transgenic longevity and physiological 

control of expression remain. The prevailing issues with gene therapy are that the vector is either 

immune-sensitive, requires multiple treatments and is not under physiological control. The most 

conceivable way of avoiding these issues is to correct the actual diseased gene within host cells, a process 

known as gene editing. 

 

1.7 Gene Editing 

Gene editing is the process of correcting mutations in host genomes. This differs from gene 

therapy by correcting endogenous genes instead of introducing an exogenous construct. Gene editing was 

first reviewed in 1989, postulating the possibilities of correcting human genetic disorders and generating 

disease models for fundamental research 49. Although the task seemed simple, the ease of inserting 

genetic material by homologous recombination was largely overstated. Even the best techniques under the 

best conditions at the time resulted in only one edited cell per hundred unedited 50, while several other 
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situations were orders of magnitude less successful 51,52. This means that in order to select for genetically 

identical embryonic stem cell (ESC) colonies that have been successfully edited, one would have to pick 

and screen hundreds of colonies. To increase this efficiency, drug resistance cassettes were introduced 

into the gene-repair template, allowing for selection of correctly edited cells. However, the downstream 

effects of leaving foreign genes can be unpredictable, as previously stated. Therefore, these techniques 

showed great potential for the generation of cell lines for fundamental research, but may have limited use 

for clinical applications. 

A new tool began to emerge in the early 1990s that allowed for cutting DNA at very precise 

loci53. These “targeted nucleases” work like restriction enzymes that can be tailored to only digest a single 

target in the genome. Nuclease-mediated double strand breaks (DSB) increase the frequency of 

recombination events by at least two orders of magnitude 54, markedly increasing the screening efficiency 

in stem cell colonies55,56.  

Gene editing circumvents many limitations associated with gene therapy, most notably the issues 

of endogenous gene expression control. Because it is the endogenous genome being edited, the “change” 

remains for the lifespan of the individual, and the edits are inserted in a targeted locus, mitigating the 

dangers of random integration. It also allows for physiological control as the edits fall under the 

endogenous promoter. Gene editing has been facilitated by the use of targeted nucleases. 

 

1.8 Targeted Nucleases: Gene Editing Enzymes 

There are three popular targeted nucleases in circulation today. They are the zinc-finger nucleases 

(ZFNs), the transcription activator-like effector nucleases (TALENs) and the RNA-guided engineered 

nucleases (RGENs). Each system has been used in a myriad of organisms, including human cells 57,58, 

mice 35,59,60, rats 58,61, zebrafish 62,63, Drosophila 64,65, C. elegans 66, and bacteria 67. These three enzyme 

systems share the same function of producing DSBs at a targeted locus, which triggers endogenous repair 

mechanisms to resolve them. These repair mechanisms can be manipulated to generate modifications, 
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such as insertions, deletions, single nucleotide substitutions, and chromosomal rearrangements at precise 

loci in the genome. 

There are two canonical systems that resolve DSBs in eukaryotes that employ different hosts of 

enzymes (Fig. 1-4). The first is homology-directed repair (HDR), and requires a template DNA (normally 

the homologous allele during meiosis) to recombine and repair the cleavage. If a synthetic homology 

donor, such as a plasmid or single-stranded oligodeoxynucleotide (ssODN) is cotransfected with the 

targeted nuclease, one can introduce new genetic material or edit single nucleotides at the target locus. In 

this strategy, there are many orders of magnitude more copies of the transfected donor than the 

homologous allele, so repair using the synthetic donor is heavily favoured. This allows researchers to 

knock in whole genes into “safe harbor” sites or edit existing genes, reducing the risks associated with 

random integration mentioned above. 

In the absence of a transfected homology donor, HDR is unlikely to proceed because the 

homologous alleles are not found in close proximity, except when the cell is actively dividing (during the 

S and G2 phases) 68. In this case, the cell will resort to non-homologous end joining (NHEJ) to resolve 

DSBs, during which the two cleaved strands are blunt-end ligated (Figure 1-4). However, this process is 

error-prone and will produce insertion-deletion (indel) mutations, often leading to frameshift mutations. 

This system can be harnessed to disrupt genes of interest to study their function. These two functions can 

be manipulated with any of the three targeted nucleases, but there are some key differences that must be 

considered in order to choose which will be most effective in a specific gene, such as cleavage efficiency, 

target specificity, labour and cost. 
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Figure 1-4: Endogenous Double Strand Break Repair Mechanisms 

There are two canonical methods for resolving double strand breaks (DSBs), template-dependant homology-directed 
repair (HDR) and error-prone non-homologous end joining (NHEJ). The template in HDR is read to rewrite the 
DNA lost during cleavage. NHEJ does not require a template, but produces small insertion-deletion mutations 
(indels). HDR can be used to introduce novel DNA using a double stranded donor, or can be used to make small 
precise edits using either a double stranded donor or a single-stranded oligodeoxynucleotide (ssODN). Figure made 
by Kim and Kim, 2014 69. 
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1.8.1 Zinc Finger Nucleases 

Zinc-finger nucleases (ZFNs) include a DNA-recognition domain (modeled after the most 

common zinc-finger proteins found in higher eukaryotes 70) fused to a mutated FokI restriction enzyme. 

The FokI enzyme was engineered so that it must dimerize before it can cut 71,72, thus two separate ZFN 

monomers must come together to produce one cut. This doubles the length of the recognition sequence 

allowing for greater specificity. The DNA-binding domain contains 3-6 modular zinc fingers each 

recognizing 3 bp for a total of 18 to 36 bp recognition sequence (Fig. 1-5).  

Most of the zinc-finger units recognizing the 64 triplet combinations have been designed, and are 

available for researchers to use 73. However, for optimal binding without off-target cleavage activity, the 

binding-efficiency of these domains may need to be altered as outlined by Rebar and Pabo 74. What’s 

more, they require guanine rich regions including 5’-GNN-3’ (where N is any nucleotide), which limits 

the number of viable targets to about 1 per 100 bp in the genome 75. There is also a large patent estate 

surrounding the ZFN technology that could create complications when designing or applying this 

technology 76. 

 

1.8.2 Transcription Activator-Like Effector Nucleases 

The structure of transcription activator-like effector nucleases (TALENs) is similar to that of 

ZFNs, in that they consist of protein-DNA recognition sequences fused to FokI. The difference is that the 

DNA-binding domain is modeled after the Xanthomonus spp. transcription-activator-like effector 

(TALE). TALENs contain several 33-35 aa repeat modules each with a repeat variable diresidue (RVD) 

that binds to a single nucleotide (Fig. 1-6). There are thus four commonly used combinations of RVDs for 

each of four nucleotides, namely NI (A), NG (T), NN (G) and HD (C).  

The single nucleotide binding simplifies design of these enzymes, but greatly increases the 

difficulty of construction because of the numerous iterative cloning steps needed to create the full DNA-

recognition sequence 77,78. TALEN cutting efficiency in the cell also varies from target to target, thus 

several TALENs may need to be generated for a single region of interest.  
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Figure 1-5: Zinc Finger Nucleases 

A diagram representing the zinc-finger nuclease pair with four DNA-recognition modules for each monomer. There 
is a zinc-finger protein (ZFP) at the amino terminus containing 3-6 DNA-recognition modules with the sequence 
CX2-4CX3FLX2HX3H, where “X” is any amino acid. There is a FokI restriction enzyme at the carboxyl terminus, 
which must dimerize in order to cut. The target sequence is typically 18-36 bp long (24 bp in this representation). 
Figure made by Kim and Kim, 2014 69. 
 
 

 

 

 

 

Figure 1-6: Transcription Activator-Like Effector Nucleases 

A schematic representation of the transcription activator-like effector nucleases (TALENs) pair is shown. There are 
typically 15-18 modules for each TALEN (coloured ovals), each with one repeat variable diresidue (RVD), which 
recognizes one nucleotide. The repeat sequence is also shown with the RVD highlighted in red. The target sequence 
is typically 30-36 bp with a 12-21 bp spacer. RVDs: NI (A, purple), NG (T, orange), NN (G, blue) and HD (C, 
green). Figure made by Kim and Kim, 2014 69.  
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To its benefit, however, the only design constraint to TALENs is the need for a 5’-thymine for each 

monomer (Fig. 1-6) 79, meaning that almost anywhere in the genome can be targeted. Also, the specificity 

is the highest and thus the off-target cleavage probability is the lowest of the three alternatives 69. 

 

1.8.3 RNA-Guided Engineered Nucleases 

RNA-guided engineered nucleases (RGENs) were inspired by the clustered regularly interspaced 

palindromic (CRISPR)/CRISPR-associated nuclease (Cas) bacterial immune system. This system confers 

immunity to bacteria and archaea against invading viruses and plasmidic DNA 80. 20 bp of invading DNA 

(protospacer) is captured and inserted between two palindromic repeats 81. There are three types of 

CIRSPR immunity systems known in bacteria and archaea (I, II and III), with type II being the most 

developed for gene editing purposes. In type II immunity, multiple protospacers are transcribed onto one 

messenger RNA, which is cleaved to generate several CRISPR-RNAs (crRNAs). One target specific 

crRNA combines with one target non-specific trans-activating CRISPR-RNA (tracrRNA) to recruit the 

CRISPR-associated endonuclease 9 (Cas9) to digest subsequent invading DNA (Fig. 1-7A). The target 

region must contain a 5’-NGG-3’ protospacer-adjacent motif (PAM) at the 3’ end of the target, which is 

recognized by the Cas9 enzyme 69. Researchers have reengineered this two-piece RNA, fusing it into one 

fully functional chimeric guide RNA (gRNA) with a DNA-recognition domain and a Cas9 scaffold 

domain (Fig. 1-7B). 

The greatest advantage of the RGENs is their ease of design. Only one plasmid is necessary to 

code for both the gRNA and Cas9 and many are commercially available and relatively inexpensive 82. 

One simply needs to clone in a 20 bp double-stranded DNA molecule (with appropriate overhangs) into 

the gRNA-coding region to make it functional. This reduces the construction workflow to a single day 57, 

and thus several gRNA targets can be simultaneously optimized.  
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Figure 1-7: RNA-Guided Engineered Nucleases 

A schematic representation of a clustered regularly interspaced palindromic repeat (CRISPR)/CRISPR-associated 
nuclease 9 (Cas9) RNA-guided engineered nuclease (RGEN) is shown. (A) Type II immunity, where small pieces 
(20bp) of invading DNA adjacent to a 5’-NGG-3’ protospacer-adjacent motif (PAM) from pathogens are captured in 
bacteria or archaea. These “targets” are stored in the CRISPR loci in the host genome, where it can be transcribed 
into CRISPR-RNAs (crRNAs). A non-specific trans-activating CRISPR-RNA (tracrRNA) binds to each crRNA 
once transcribed. This RNA pair is cleaved from the large transcript, binds to subsequent invading DNA and recruits 
Cas9 to cleave it. (B) The tracr-crRNA has been reengineered into a single guide RNA (sgRNA, or simply gRNA). 
It has a target recognition sequence (yellow) and a Cas9 scaffold sequence (green). This gRNA binds to its target 
region, which must have a 5’-NGG-3’ PAM at the 3’ end of the target, which is recognized by Cas9 to bind and 
cleave DNA, producing a double strand break. N = any nucleotide. (A) Adapted from New England Biolabs, 2015 
83, (B) adapted from Kim and Kim, 2014 69.  
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Each target must conform to the sequence 5’-GN19NGG-3’ (GN19 corresponds to the 20bp gRNA target 

domain with a 5’-guanine for the U6 promoter in the expression plasmid). That being said, it is 

theoretically possible to add a 21st nucleotide at the 5’ end without disrupting target binding, allowing one 

to artificially add a 5’-guanine in this position for U6 promoter activity without it needing to be found in 

the corresponding target. This is being tested currently in the Funk lab and would render the target density 

at one per 8 bp when considering both strands (24/2=8). 

 

1.8.4 Targeted Nuclease Comparison 

There are many factors to consider when choosing a targeted nuclease. The ZFNs are time-tested 

and proven in certain applications, but novel enzymes are difficult to generate in-house, and can be 

expensive to purchase commercially 84. These enzymes are often cytotoxic, even with do-it-yourself 

kits84. Conversely, the TALENs are easier to design and generally not cytotoxic, but require laborious 

multi-step cloning protocols which can take months to perfect. RGENs are even easier to construct, and 

relatively easy to design, but are reported to have a relatively high degree of off-target activity. These 

effects can be mitigated with careful bioinformatic design to minimize homology elsewhere in the 

genome. RGENs with unique target sequences (at least 3 bp mismatches) and TALENs show insignificant 

off-target cleavage events 57,85. Many factors that affect the choice of a nuclease are summarized in Table 

1-2. These gene-editing enzymes can be used directly on host cells, or in a myriad of cultured cells. The 

process of gene editing can be tedious and require multiple steps. In these cases, it is more convenient to 

correct the genome of cultured cells that can be maintained for several passages, and in many cases it is 

even more important to use stem cells as they can be differentiated into almost any cell type found in 

mammals.  
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Table 1-2: Side-by-Side Comparison of Targeted Nucleases 

Feature ZFN TALEN RGEN 
DNA targeting specificity 

determinant 

Zinc-finger proteins Transcription activator-

like effectors 

crRNA or sgRNA 

Nuclease FokI FokI Cas9 

Average mutation rate§ Low or variable 

(~10%) 

High (~20%) High (~20%) 

Specificity-determining 

length of target site 

18–36 bp 30–40 bp 20 bp (total length 23 bp) 

Restriction in target site G-rich Start with T and end with 

A (owing to the 

heterodimer structure) 

End with an NGG or NAG 

(lower activity) PAM 

sequence 

Design density One per ~100 bp At least one per base pair One per 8 bp (NGG PAM) or 

4 bp (NGG and NAG PAM) 

Off-target effects High Low Variable 

Cytotoxicity Variable to high Low Low 

Size ~1 kb × 2 ~3 kb × 2 4.2 kb (Cas9 

from Streptococcus pyogenes) 

+ 0.1 kb (sgRNA) 

Cas9=CRISPR (clustered regularly interspaced short palindromic repeat)-associated protein 9; crRNA=CRISPR 
RNA; N=any nucleotide; PAM=protospacer adjacent motif; RGEN=RNA-guided engineered nuclease; 
sgRNA=single-chain guide RNA; TALEN=transcription activator-like effector nuclease; ZFN=zinc-finger nuclease. 
Tabulated by Kim and Kim 69. 
§The average mutation rate is based on the frequency of non-homologous end-joining-mediated insertions and 
deletions obtained at the nuclease target sites in HEK293 cells. 
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1.9 Induced Pluripotent Stem Cells 

Stem cells can in theory be converted into nearly any cell type and repopulate damaged tissues in 

the body. One notable example was their proposed use for damaged neurons in the spinal cord in order to 

treat spinal cord injuries 86. In early studies, stem cells were isolated from human embryos. This caused 

much controversy as part of the public saw that sacrificing embryos for medical research was unethical 

due to the ambiguous definition of when life begins. This issue has been largely resolved, as medical 

researchers are capable of converting dermal fibroblasts into stem cells, named induced pluripotent stem 

cells (iPSCs). This can be done using a myriad of model organisms, such as mice 87 and rats 88, as well as 

with human cells 89–92. As these cells lack the organization and the signalling to become fully functional 

organisms, their use in research is less controversial. 

Human and mouse iPSCs can be passaged indefinitely, which makes them ideal candidates for 

the complex process of genetic engineering. Furthermore, they seem to lack the immunogenicity 

associated with viruses (even those that have been engineered to be safer, like the adeno-associated virus), 

if differentiated before transplantation 93,94. Also, they are host-specific, allowing patients to generate their 

own donor tissues, theoretically eliminating the need for immunosuppressive drugs. The first clinical trial 

for the use of iPSCs in humans has been initiated in Japan to treat for age-related macular degeneration 95. 

As there is no apparent genetic component to this disease, skin fibroblasts from patients are 

reprogrammed into iPSCs and differentiated into retinal pigment epithelial cells without the need for 

gene-editing. These cells will grow on the retina to replace the damaged retinal cells. 

 

1.10 Rationale, Hypothesis and Objective of the Project 

ARG1-deficiency is a devastating metabolic disease with no known cure, and there is little 

research being conducted to find one to the best of our knowledge.  One alternative strategy is to use gene 

editing to correct the mutated ARG1 gene. The focus of this thesis is to use the CRISPR/Cas9 gene editing 

system to correct a genetic mutation that produces Arg1-deficiency in a preclinical animal model. For 
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this, the inducible Arg1-deficiency mouse model of Sin et al was used 31. In this model, exons 7 and 8 of 

Arg1 were deleted by Cre-recombinase after induction by 4-OHT (producing the Arg1∆ allele) in primary 

mouse embryonic fibroblasts (PMEFs). To repair this mutation, a Cas9:gRNA has been designed that 

targets the locus just upstream of the remnant LoxP site left after Cre-excision (found in intron-6). It is 

hypothesized that a Cas9:gRNA-mediated DSB can allow for the insertion of a targeting vector 

containing a repair cassette for wild-type exons 7 and 8 cDNA. The targeting vector also includes a 

positive-negative drug selection cassette, allowing for selection of cells that have integrated the vector 

(positive) and subsequently removed the selection cassette (negative). This vector was introduced in 

mouse iPSCs (miPSCs) generated from the Arg1∆-PMEFs (named Arg1∆-miPSCs). PCR-genotyping 

assays were used to confirm this two-step generation of repaired cells. The rationale is that once genomic 

repair is confirmed in miPSCs, this line can be differentiated into hepatocyte-like cells. Although 

genomic repair has not yet been confirmed, miPSCs were successfully differentiated into hepatocyte-like 

cells. The repair cassette of the targeting vector is fused to the gene for red-fluorescence protein (RFP), 

which will distinguish Arg1-repaired hepatocyte-like cells transplanted in vivo from cells that are still 

mutated in Arg1-deficient mice. 

There are five major steps to this project: (i) generate necessary cell lines with the Arg1∆ allele; 

(ii) design and construct the Cas9:gRNA plasmid; (iii) validate the Cas9:gRNA-mediated NHEJ and 

HDR; (iv) repair exons 7 and 8 in Arg1∆; and (v) differentiate miPSCs into hepatocyte-like cells. In future 

studies, these differentiated cells will be tested using functional assays for the expression of repaired 

Arg1, and be introduced in vivo to attempt to rescue mice with Arg1-deficiency. 
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Chapter 2 

Methods 

All plates and dishes were ordered from Thermo, all liquid culture media was ordered from Hyclone and 

all conical tubes were ordered from Falcon. All primers and probes were ordered through Eurofins. All 

incubations were carried out at 37 oC and 5% CO2 in a Thermo incubator. 

 

2.1 Generation of Cell Lines 

This section deals with the generation of all cell lines used for gene editing in this study. The 

mouse model was generated previously in our lab (Sin et al 31). Primary mouse embryonic fibroblasts 

(PMEFs) were isolated from these mice and reprogrammed to generate mouse induced pluripotent stem 

cells (miPSCs). Also, part of the Arg1∆ gene was PCR amplified from these PMEFs and incorporated into 

human embryonic kidney 293T cells (HEK293T, or simply HEK). Arg1∆-HEK cells were used to test for 

Cas9:gRNA-mediated NHEJ and HDR. These cells are more easily transfected and express transfected 

plasmids at higher levels than primary cell lines. Once these proof-of-concept experiments were 

optimized using these HEK cells, they could be repeated on the more difficult primary cell lines, the 

Arg1∆-PMEFs and Arg1∆-miPSCs.  

These experiments were also conducted in PMEFs to increase confidence that the CRISPR/Cas9 

system is effective in primary cell lines. Also, mouse 96 and human 97 fibroblasts can be directly converted 

into hepatocytes, adding another treatment option for arginase deficiency. Unfortunately, there was not 

enough time to further explore targeted nuclease-dependent repair of exons 7 and 8 in PMEFs. 
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2.1.1 Arg1-Deficient Mouse model 

Arg1flox (JAX strain 008817, C57BL/6-Arg1tm1Pmu/J) 29 and R26-CreERT2 (JAX strain 008463, 

B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J) 30 mice were obtained from the Jackson Laboratory. The Arg1flox 

mice are homozygous for LoxP-flanked (“floxed”) exons 7 and 8, while R26-CreERT2 mice are 

homozygous for the CreERT2 targeted insertion into intron 1 of Rosa26, a safe-harbour with the R26 

ubiquitous promoter (Fig. 2-1A). CreERT2 is a fusion protein between Cre-recombinase (Cre) and 

estrogen receptor-T2 (ERT2), which specifically binds 4-hydroxytamoxifen (4-OHT), not estrogen or 

estradiol 98. The ERT2 moiety sequesters Cre in the cytoplasm until 4-OHT binds, at which point it can 

cross the nuclear membrane to excise floxed exons 7 and 8 of Arg1flox producing the “Arg1∆” allele (Fig. 

2-1A). 

After two generations of crossing Arg1flox with R26-CreERT2 mice, neonatal progeny (F2) with 

the Arg1-Cre genotype (Fig. 2-1A) were treated with intragastric injections of 1 mg 4-OHT (Sigma) for 

two consecutive days. The 4-, 8- or 12-week-old mice were treated with five consecutive intraperitoneal 

injections of tamoxifen (converted to 4-OHT endogenously). PCR genotyping gels revealed that these 

mice are homozygous for Arg1flox and are expressing Cre-ERT2, as there was complete removal of exons 7 

and 8 with 4-OHT or tamoxifen treatment (Fig. 2-1C). 

 

2.1.2 Primary Mouse Embryonic Fibroblast Isolation 

Arg1-Cre mice that were treated with 4-OHT or tamoxifen would meet their humane endpoint 

~14 days after administering the drug. Therefore primary mouse embryonic fibroblasts (PMEFs) were 

isolated from Arg1-Cre mating pair embryos before in vitro 4-OHT-treatment to generate Arg1∆-PMEFs. 

Day-0 (d0) of pregnancy was marked when there was a visible semen plug in females. On d13.5, females 

were euthanized by CO2 asphyxiation and the embryos were removed from the uterine wall. The brain 

and organs were removed and the blood was drained as much as possible before mincing each embryo 

separately.  
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Figure 2-1: Generation of Arg1-Deficient Mice and Genotyping 

A schematic depicting the genotypes of Arg1flox (homozygous) and R26-CreERT2 (homozygous) mice is shown. A) 
After two generations (F2) of crossing these two mouse lines, mice were treated with 4-OHT (post-natal d0) or 
tamoxifen (4-, 8- and 12-week-old). DNA from ear dermal fibroblasts was genotyped using primers (A, B and C) to 
show complete removal of Arg1flox exons 7 and 8. Note that there is a remnant LoxP site (grey triangle) after Cre-
excision. The primers used to test for NHEJ are also included (I5-for and 3’UTR-Rev). B) A representative PCR gel 
showing genotypes for vehicle (A-C = 1.2 kb, A-B = 252 bp) and 4-OHT-treated (195 bp A-C) mice. This 
demonstrates that these mice are homozygous for Arg1flox and are expressing CreERT2, as there is complete removal 
of exons 7 and 8. C) The genotyping primers are shown. Mouse crossing was completed by Laurel Ballantyne, PCR 
and gel electrophoresis was performed by Angie Sin. Adapted from Sin et al 31.  
  

Primer& Sequence&(5’!3’)&

A& TGCGAGTTCATGACTAAGGTT%

B& AAAGCTCAGGTGAATCGG%

C& GCACTGTCTAAGCCCGAGAGTATC%

I55For& CTAACCGTCATTAACTTCACTCTG%%

3’UTR5Rev& GCACTGTCTAAGCCCGAGAGTATC%%

A)%

B)%

F2%

Tamoxifen%or%44OHT%

C)%

44OHT%

I5-For 3’UTR-Rev 
346 bp 
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Each embryonic tissue was transferred into a separate 15mL conical tube (Falcon) containing 3 mL of 

0.25% trypsin-EDTA (Hyclone) and kept at 4 oC overnight (O/N). 

The next day, 2 mL were removed (in culture hood) and the tubes were shaken at 37 oC for 30 

min to ensure complete tissue digestion. PMEF medium [High Glucose Dulbecco’s Modified Eagle 

Medium (DMEM-HG, Hyclone) supplemented with 15% fetal bovine serum (FBS, Hyclone) and 1% 

penicillin and streptomycin (P/S, Sigma)] was added to inactivate trypsin. The contents were left for 

gravity separation for 5 min before the supernatant was carefully transferred to a previously gelatin-

coated (Millipore) 10cm2 dish, to remove any remaining large chunks (only PMEFs will attach). Plates 

were gelatin-coated for at least 30min before plating cells. After 4h, each culture plate was rinsed with 

phosphate-buffered saline (37 oC, Corning) and replaced with fresh PMEF medium. These cells are 

considered passage number 0 (P0); the culture media was changed every other day and cells were 

passaged once 70-80% confluent. 

Fresh PMEF medium supplemented with 0.5 µM 4-OHT was introduced on d1 and d3 after 

seeding, and a portion of cells were harvested on d5 for genotyping using the primers A, B and C shown 

in Figure 2-1C. After Cre-excision was confirmed, these cells could be studied directly or reprogrammed 

into miPSCs for gene editing. A portion of PMEFs was cryopreserved at this point. 

 

2.1.3 Inactivation of PMEFs to Generate Feeder Cells 

In order to support growth of miPSCs in the undifferentiated state, PMEFs were expanded and 

mitotically inactivated. Mitomycin C (Sigma) was used to inactivate PMEFs from wild type mice for use 

as feeder cells (called iPMEFs) for miPSCs. Mitomycin-C works by crosslinking DNA so that it cannot 

be separated and therefore is incapable of being replicated. Once inactivated, these cells consume very 

minimal nutrients from liquid media.  

PMEFs <P5 were incubated with PMEF medium containing 10 µg/mL mitomycin-C for 2-3 h 

before cryogenic freezing. PMEF medium +mitomycin-C could be reused for two subsequent batches of 
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PMEFs for inactivation. iPMEF-conditioned mES media (mES-CM) was made by incubating iPMEFs in 

mES medium for 24 h, and then freezing the media for later use. The mES-CM contains factors secreted 

by feeder cells, which allows for plating miPSCs feeder-free (necessary in certain applications). That said, 

miPSCs plated feeder-free usually do not survive as long as those plated on iPMEFs. Puromycin-resistant 

iPMEFs were also used, given to us graciously by Dr. Peter Greer at Queen’s University. 

 

2.1.4 Generation of Mouse Induced Pluripotent Stem Cells 

To reprogram the 4-OHT-treated PMEFs into mouse induced pluriopotent stem cells (miPSCs), 

the STEMCCA Cre-Excisable Constitutive Polycistronic (OKSM) Lentivirus Reprogramming Kit was 

used (Millipore). This kit uses a polycystronic lentiviral vector containing genes for the reprogramming 

factors Oct4, Klf4, Sox2 and c-Myc (OKSM) under a constitutive promoter (proprietary). The OKSM 

genes are linked by a self-cleaving 2A peptide, as well as internal ribosomal entry sites (IRES) to ensure 

stoichiometric expression (the manufacturer’s protocol was followed). 3x104 PMEFs (P3 or less) were 

plated on a 6-well plate and cultured with PMEF medium supplemented with 5 µg/mL polybrene. The 

cells were infected with a multiplicity of infection of 30x and the PMEF medium was refreshed every 

other day. 

Eight days after infection, the cells were switched to mES medium [Knockout DMEM (DMEM-

KO), 15% FBS, 5% knockout serum replacement (KOSR, Gibco), 1% Glutamax (Gibco), 1% P/S, 0.1% 

ß-mercaptoethanol (BME, Gibco), 10ng/mL leukemia inhibitory factor (LIF, Gibco)] and changed every 

other day. Note that LIF was only supplemented immediately before adding the media onto miPSCs, as it 

can lose its effect if warmed then cooled too many times. Colonies were visible on d14 and were picked 

on d18. These colonies were manually excised using a 23G needle and pipetted using a 10 µL pipette and 

plated onto 12-well plates containing iPMEFs.  

Alkaline Phosphatase Live Stain (500x, Life Tech) was used to check for pluripotency of newly 

reprogrammed miPSCs. This is a cell permeable stain that binds alkaline phosphatase, a marker for 
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pluripotency, and glows green under fluorescent light when bound. Cells were incubated for 40min with 

1x alkaline phosphatase stain, rinsed twice with PMEF medium and replaced with PBS before visualizing 

under the microscope (as described in the manufacturer’s protocol). Wells that showed good growth were 

selected and cells expanded, split, and cryopreserved for later use. 

 

2.1.5 Generation of mArg1∆-GFP-HEK293T Cells 

Transfection efficiency of the Cas9:gRNA plasmid has a profound effect on NHEJ mutation 

frequency. Thus, proof-of-concept experiments were conducted on HEK cells with a mouse Arg1∆ 

(mArg1∆) transgene. This transgene spans intron-5 to the 3’ untranslated region (UTR) of Arg1∆, which 

equals 346 bp after deletion of exons 7 and 8 (generated by primers I5-for and 3’UTR-Rev in Figure 2-

1C). HEK cells are much easier to transfect than primary cell lines, and can be used to quickly test the 

efficiency of Cas9 cleavage at the target locus. 

PCR amplification of Arg1∆ was conducted on genomic DNA isolated from 4-OHT-treated 

PMEFs to produce the 346 bp amplicon. The product was PCR purified (Thermo) before being cloned 

into a topoisomerase plasmid (TOPO pCR2.1, Life Tech). The plasmid was transformed into DH5α 

bacteria (Life Tech), plated on X-gal/agar plates, and several white colonies were picked for plasmid 

preparation (Thermo). The plasmids were digested with BamHI and XhoI to check that the 346 bp insert 

was present. The digest band of a successful clone was gel extracted (Zymogen) and subcloned into 

pEGFP-C2 (Clontech, Figure 2-2) predigested with BamHI and XhoI, and previously gel extracted. The 

subcloned plasmid was transformed into DH5α cells plated on Kan+-agar plates. Surviving colonies were 

picked and miniprepped and sent for sequencing at the TCAG facility at the Sick Kids Hospital in 

Toronto. 
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Figure 2-2: pEGFP-C2 with mArg1∆-Intron-6 Insert 

A schematic representation of the pEGFP-C2 plasmid (Clontech) after cloning a 346 bp DNA fragment amplified 
from intron-5 to 3’-untranslated region from Arg1∆-PMEFs. The plasmid contains the enhanced green fluorescence 
protein (EGFP, green) and neomycin/kanamycin resistance (NeoR/KanR, grey) genes. The intron-6 insert (light 
blue) is flanked by some of the TOPO plasmid DNA from restriction digest (mauve) and the multiple cloning site 
(MCS, dark blue) of the backbone. B) Zoomed in view of the intron-6 insert region in the plasmid, showing the 
Cas9:gRNA target region (yellow) flanked by exon-6 of Arg1∆ (pale green) and the remnant LoxP region (grey). 
The PCR-amplification primer binding sites can be seen (purple), and a scale bar showing 200 bp is also given. 
Plasmid constructed by Tim St. Amand. 
 

 

  

200#bp#

A)#

B)#
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The plasmid that had been sequence-confirmed was transfected (Lipofectamine 3000, Life Tech) into 

HEK cells. The cells were grown in HEK medium (DMEM-HG, 10% FBS, 1%P/S) supplemented with 

G418 antibiotic to select for neomycin resistance. These cells were passaged several times until the 

plasmid was stably integrated (stably expressing GFP). These cells were genotyped using primers I5-for 

and 3’UTR-Rev, and the PCR product was sequenced to ensure the integration of the intron-6 insert. 

Stably integrated cells were cryopreserved for later use. 

 

2.2 Target Design and Construction of the Cas9:gRNA Plasmid 

This section deals with the design of the Cas9 target region, which must be selected carefully to 

minimize off-target cleavage, and construction of the Cas9:gRNA expression plasmid. First, online 

software was used to assess the “quality of the target”, then oligodeoxynucleotides (ODN) were ligated 

into a Cas9:gRNA expression plasmid. 

 

2.2.1 Target Design and Off-target Analysis 

Two online software, the ZiFit Targeter (Joung, 62,99) and the Zhang lab CRISPR Design Tool 57, 

were used to design the gRNA binding site. These two algorithms work similarly by generating multiple 

potential targets for gRNA to bind, each necessarily containing a 3’-PAM region (5’-NGG-3’ that is 

bound by Cas9). The potential “on-targets” are then ranked in order of faithfulness based on the number 

and similarity of off-target regions that also necessarily contain a 3’-PAM.  

Aligning the target sequence against other regions in the genome and scoring the resulting 

mismatches determines the target’s faithfulness. Mismatches in nucleotides closer to the 3’-PAM region 

in the gRNA disrupt binding more profoundly than mismatches farther away 57 (Fig. 2-3). In both design 

algorithms, mismatches near position 20 are scored higher than mismatches at position 1, thus the off-

target sites with the higher aggregate scores are more likely to be cleaved. The only major difference 

between the two design algorithms is that they have slightly different scoring matrices.  
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Figure 2-3: Arg1∆ Locus Showing the Chosen Target Region 

A schematic focusing on intron 6 of Arg1∆ with corresponding exons (4-6) and the remnant LoxP site (grey triangle) 
is shown. This is the locus used for Cas9-mediated editing, where exons 7 and 8 will be reintroduced. The gRNA 
sequence is shown (bottom strand, antisense), with positions 1-20 identified. The 5’-AGG-3’ (green) is the 3’-PAM 
sequence. 
 

 

 

 

 

Figure 2-4: Cas9:gRNA Expression Plasmid 

A schematic detailing the gRNA and Cas9 coding regions of pX330 is shown. (Top) A U6 promoter initiates 
expression of the gRNA, while Cbh (chicken beta-actin hybrid) promotes expression of humanized Cas9 (efficient 
in humans and mice) with nuclear localization signals (NLS). The bovine growth hormone polyadenylation signal 
(bGHpA) terminates transcription. (Bottom) BbsI is used to clone in an annealed double-stranded DNA (dsDNA, 
shown in blue) with proper overhangs. The first nucleotide of the dsDNA coding strand must be a guanine for 
expression under the U6 promoter, while the subsequent 19 can be customized for the desired target (N = any 
nucleotide). The gRNA scaffold region that binds Cas9 is shown in red. Figure found on the Zhang Lab Addgene 
page 100. 
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2.2.2 Cas9:gRNA Plasmid Construction 

The pX330 plasmid (Addgene #42230) deposited by Feng Zhang 101) was used in this study (Fig. 

2-4). It is polycystronic for gRNA targeting and scaffold sequences, and the Cas9 coding region, under 

separate promoters (U6 and CBh, respectively). The plasmid came ready to clone, and was cloned using 

the “Zhang Lab General Cloning Protocol” 100 with the ODNs shown below (Table 2-1). 

Both pX330 (uncloned) and pX330+gRNA (cloned with gRNA) were transformed in DH5α cells 

and grown on Amp+-agar plates. Colonies from pX330+gRNA were picked, grown in 3 mL of Amp+-LB 

liquid media and mini prepped. Plasmid preps from multiple pX330+gRNA colonies were test digested 

with SphI before sequencing (using pX330-Seq primer: 5’- ACTATCATATGCTTACCGTAAC-3’) to 

ensure proper cloning of the gRNA sequence. One pX330+gRNA colony that had been sequence-

confirmed and one colony from pX330 were grown in 300 mL of Amp+-LB liquid media and maxi 

prepped (Thermo). Both were sequenced again before transfection into mammalian cells. 

 

2.3 Proof-of-Concept Experiments to Validate NHEJ and HDR 

The first proof-of-concept experiment is the heteroduplex assay, which tests for NHEJ and is 

instrumental in determining the efficacy of Cas9 for cleaving DNA at the target locus. Once it was 

established that the chosen Cas9:gRNA could cleave at the target locus, the second experiment, the 

ddPCR assay for HDR, confirmed the ability to introduce repair DNA. This assay focuses on the ability to 

make small, precise edits such as single nucleotide substitutions, insertions or deletions. Also, even 

though this experiment does not attempt to correct exons 7 and 8, it serves as proof-of-concept for ability 

to introduce larger constructs into this locus. The following section deals with the transfection of the 

Cas9:gRNA plasmid either without (to test for NHEJ) or with (to test for HDR) an editing ssODN. 
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Table 2-1: Target Sequence and Fragment Cloned into Cas9:gRNA Plasmid 

Mutation Target Locus gRNA Binding Site (Coding Strand) 

Arg1∆  

 
(Cre-excision of 
Exon 7 and 8) 

Intron 6 
 
(Just upstream from 
LoxP site) 

 3’- ...UUGGCGCTGACAGGAATGTCAGG    -5’ gRNA 
 
 5’- ...CCTCCTGACATTCCTGTCAGCGC... -3’  
 5’- ...GGAGGACTGTAAGGACAGTCGCG... -5’ Target 
       PAM 

Oligos Annealed Oligos 
Oligo 1: 
 
5’-CACCGCGCTGACAGGAATGTCAGG-3’ 

5’- CACCGCGCTGACAGGAATGTCAGG     -3’ 
3’-     CGCGACTGTCCTTACAGTCCCAAA -5’ 

Oligo 2: 
 
5’-AAACCCTGACATTCCTGTCAGCGC-3’ 

pX330 cloning site (2x BbsI) 
 

5’-AAA    CACCGGGTCTTCGAGAAGACCT     GTTTTAG-3’ 
3’-TTTGTGG    CCCAGAAGCTCTTCTGGACAAA     ATC-5’ 

A table outlining the details for oligo cloning into the pX330 Cas9:gRNA plasmid is shown. The target sequence is 
found on the noncoding strand of Arg1∆, so the gRNA binds to its complement on the coding strand. The gRNA 
targeting sequence is shown in grey 5’ to the last 3 nucleotides of the gRNA scaffold sequence. The oligos are 
shown separately 5’ to 3’ (as they appear on an order form) and annealed with the gRNA coding strand on top 
(grey). The pX330-cloning region is shown with the excised dsDNA removed after cleavage of two BbsI sites (5’-
GAAGACNN-3’). 
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2.3.1 Heteroduplex Assay for NHEJ 

The heteroduplex assay was used to determine the ability of Cas9 to cleave the genome at the 

desired locus, producing insertion/deletion mutations (indels) by NHEJ. This required transfection of the 

Cas9:gRNA plasmid without a repair template. Three cell types were tested in this assay: mArg1∆-HEK, 

Arg1∆-PMEF and Arg1∆-miPSCs. The primary cell lines were grown from frozen stock with a low 

passage number (PMEF <P5, miPSC <P10), and all cell lines were grown on 60 mm dishes. Plates for 

PMEF growth were gelatin-coated, and the miPSCs were grown on iPMEFs seeded for at least 4 h. When 

cells were 70-80% confluent, they were passaged onto 6-well plates. HEK and PMEF cells were passaged 

by rinsing with PBS, trypsinisation (0.25%, 2 mL per 60 mm dish) for 5 min, spinning at 200xg for 4 min 

and removal of old medium before proceeding to cell counting. 

The miPSCs were separated from iPMEFs prior to transfection to avoid background signal from 

feeder cell DNA. After rinsing and trypsinization for 5-15 min (until colonies begin to detach), trypsin 

was inactivated with KO-DMEM +10% FBS. At this point, the cell suspension was transferred to a 15mL 

conical tube and carefully triturated with a 5 mL pipette to separate the stem cell colonies from feeder 

cells without breaking up the colonies. Any “large strings” of feeder cells were carefully removed with a 

200 µL pipette. The suspension was left for 10-15 min to gravity separate (or until a cell pellet is clearly 

visible). The supernatant was removed, which contains mostly feeder cells, and the cell pellet was 

resuspended in fresh mES medium. The cell suspension was then transferred onto a fresh gelatin-coated 

60 mm dish for differential attachment. After 30-45 min (or until most feeder cells attach) the supernatant 

was carefully removed, containing mostly miPSC colonies. This suspension was then vigorously 

triturated with a 200 µL pipette to break up colonies before counting. 

All cell types were counted the same way. After vigorous pipetting to create single cell 

suspensions, 20 µL was removed and combined with 5 µL of trypan blue (Sigma) and counted on a 

hemocytometer. The cell density was adjusted to 1.0-1.5x106 cells per well on a 6-well plate. The HEK 

cells were plated directly, while miPSCs were plated feeder-free on gelatin-coated wells, and PMEFs 

were transfected in suspension before plating (in HEK media, mES-CM and PMEF media, respectively). 
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Two wells of a 6-well plate were allotted for each cell line, one for transfection of “Cas9 only” 

(pX330, negative control) and one for transfection of “Cas9:gRNA” (pX330+gRNA). PMEFs were 

transfected with AMAXA’s Nucleofector II Mouse and Rat Hepatocytes Kit (VPL-1004) using the N-024 

program. This kit was recommended for PMEFs in the AMAXA cell line database 102. Both HEK cells 

and miPSCs were transfected using Lipofectamine 3000 (Life Tech) 24 h after seeding. For both 

Lipofectamine 3000 and AMAXA nucleofector, the manufacturer’s protocol was followed. The reagents 

used for each transfection are summarized in Table 2-2. 

The transfection efficiency was estimated by comparing fluorescent to non-fluorescent cells in the 

“Cas9 only” populations. Green fluorescent protein (GFP) encoding plasmid was transfected into PMEF 

and miPSC, while RFP encoding plasmid was transfected into HEK cells because they already stably 

express GFP. After two days of growth, HEK cells and PMEFs were harvested and miPSCs were passed 

on to cell sorting. In past trials, Cas9 cleavage could not be seen in miPSCs despite relatively high 

transfection efficiency. It was deemed necessary to select successfully transfected cells (GFP+) by 

fluorescence-activated cell sorting (FACS) in order to supress background DNA signal from 

untransfected cells in the heteroduplex assay (Flow Cytometer, Cancer Research Institute, Queen’s 

University). Green fluorescent cells were harvested and genomic DNA was isolated. 

PCR amplifications were conducted using the primers on either side of the LoxP site to amplify 

the potential NHEJ region (I5-for and 3’UTR-Rev, Fig. 2-1C). Amplicons were gel extracted, melted and 

reannealed slowly using a step gradient (95-25 oC over 30 min). Because Cas9 cleaves in <100% of the 

cell population, unmutated and NHEJ-mutated PCR copies both exist in solution. Therefore, when melted 

and reannealed, some unmutated copies will hybridize with NHEJ-mutated copies, causing basepair 

mismatches (heteroduplex). Heteroduplex enzymes can cleave these conformational differences. There 

are two common heteroduplex enzymes used, the Surveyor Nuclease S (SNS, Integrated DNA 

Technologies) and T7 endonuclease 1 (T7E1, New England Biolabs), and both were used in this assay. 

The workflow can be visualized in the figure below (Fig. 2-5). The manufacturer’s protocol was followed 

for the digest step. Digested samples were electrophoresed on polyacrylamide gels (10 V/cm, 110 min).   
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Table 2-2: Cell Line Transfections for Heteroduplex Assay 

Cell Line 
Cells Per 

Well 
Transfection 

Condition 
Plasmid DNA Transfection Reagent 

mArg1∆-HEK 

 

Lipofectamine 3000 

1.5x106 

Cas9 only 
Cas9 only (2.5µg)  + 

RFP (0.5µg) 

6µL P3000 + 

5µL Lipofectamine 3000 

Cas9:gRNA CRISPR/Cas9 (2.5µg) 
5µL P3000 + 

5µL Lipofectamine 3000 

Arg1∆-PMEF 

AMAXA Mouse and 

Rat Hepatocytes Kit  

Prog. N-024 

1.3x106 

Cas9 only 
Cas9 only (4.0µg) + 

GFP (0.5µg) 

82µL Nucleofector Sol. + 

18µL Supplement I 

Cas9:gRNA CRISPR/Cas9 (4.0µg) 
82µL Nucleofector Sol. + 

18µL Supplement I 

Arg1∆-miPSC 

 

Lipofectamine 3000 

1.0x106 

Cas9 only 
Cas9 only (2.5µg) + 

GFP (0.5µg) 

6µL P3000 + 

5µL Lipofectamine 3000 

Cas9:gRNA 
CRISPR/Cas9 (2.5µg)+ 

GFP (0.5µg) 

5µL P3000 + 

5µL Lipofectamine 3000 

A table summarizing the transfection conditions for all three cell lines used for the heteroduplex assay is shown. 
“Cas9 only” represents transfection with pX330, while “Cas9:gRNA” represents pX330+gRNA. For lipofectamine 
reactions, the amount of P3000 reagent added equalled 2x the total mass of transfected DNA, as per the 
manufacturer protocol. 
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Figure 2-5: Heteroduplex Assay Experimental Procedure 

A schematic representation of the heteroduplex assay is shown. After transfection of the Cas9:gRNA plasmid 
without a repair template, genomic DNA is pooled from a culture dish. The target region is PCR amplified, melted 
and reannealed. At this point, some unmutated copies will hybridize with mutated copies, resulting in mismatched 
base pairs (heteroduplex). These conformational differences are recognized by heteroduplex nucleases and cleaved, 
which can be visualized on a polyacrylamide gel. 

Cas9:gRNA*

5’-...TACCTGCTGGGAAGGTACGATGCTTTGTGTGCGAGTTCATGACTAAGGTTTCCTCCTGACATTCCTGTCAGCGCAGGCTGCTAATAAAATTTAGGTA...-3’
3’-...ATGGACGACCCTTCCATGCTACGAAACACACGCTCAAGTACTGATTCCAAAGGAGGACTGTAAGGACAGTCGCGTCCGACGATTATTTTAAATCCAT...-5’

PAM**********gRNA*

LoxP*Arg1∆*

Non2Homologous*End*Joining*
(NHEJ)*

Indel**
muta@on*

mixed*popula@on*PCR*

melt/reanneal** digest**
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3’UTR-Rev 

Product*=*346bp*
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PCR amplicons from the three cell lines were cloned into TOPO vectors and transformed into DH5α 

bacteria and plated on Amp+-agar plates. Colonies were picked, plasmid prepped and sent for sequencing. 

 

2.3.2 ddPCR Assay for HDR 

Droplet digital PCR was used to detect allelic variants generated at the target locus using an assay 

designed to integrate a single-stranded oligodeoxynucleotide (ssODN). This assay is not designed to 

detect the correction of Arg1∆, but tests for the ability to correct single nucleotide substitution mutations 

similar to those that produce arginase deficiency in humans (Table 1-1). To do this, an ssODN was 

designed with homology arms flanking the Cas9-cleavage site (ssODNhind). If successfully integrated, it 

introduces a novel HindIII site and destroys the 3’-PAM site by two nucleotide substitutions (Table 2-3).  

Arg1∆-miPSCs were thawed from cryogenic stocks and plated onto an iPMEF-coated 60 mm dish 

(P4). These cells were grown until 70-80% confluence before passaging and feeder separation, and 106 

cells/well were plated feeder-free on a 6-well plate in mES-CM. 24 h later, the media was refreshed and 

supplemented with 5 µM HDR enhancer (L755,507) 103, and the cells were transfected with Cas9:gRNA 

and ssODNhind (Table 2-3). The mechanism of this HDR enhancer is unknown, but it is postulated to 

affect the HDR and NHEJ repair mechanisms, stimulating HDR and inhibiting NHEJ. After 24 h pos-

transfection, the HDR enhancer was removed and the medium was refreshed every other day. On d8, 

these cells were passaged onto a 60 mm dish after a second round of feeder separation (to remove 

remnant iPMEFs) for expansion, and fed with mES-CM. On d12, the cells were 70-80% confluent and 

were passaged and plated feeder-free onto a 96-well plate at 100 cells/well. Splitting the cells makes the 

distribution of edited/unedited cells more heterogeneous (known as a population bottleneck in ecology), 

potentially increasing this ratio in certain wells. 

These cells were expanded for one month (until d42) to increase DNA isolation yield. The 62 

wells that had viable colonies were harvested and the DNA collected.  
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Table 2-3: ssODN Design and Transfection Conditions 

ssODN Design 
Arg1∆ Coding Strand 
...CGATGCTTTGTGTGCGAGTTCATGACTAAGGTTTCCTCCTGACATTCCTGTCAGCGCAGGCTGCTAATAAAATTTAGGT... 

                                     PAM complement 

ssODNhind (74 bp) 
   5’- GCTTTGTGTGCGAGTTCATGACTAAGCTTTCTTCCTGACATTCCTGTCAGCGCAGGCTGCTAATAAAATTTAGG -3’ 
                                                                HindIII 

Cell Line 
Cells Per 

Well 
Transfection 

Condition Plasmid DNA Transfection Reagent 

Arg1∆-miPSC 
 
Lipofectamine 3000 

1.0x106 CRISPR/Cas9 + 
ssODNhind 

Cas9:gRNA (2.5 µg) + 
ssODNhind (2.3 µg) 

10 µL P3000 + 
5 µL Lipofectamine 3000 + 
5 µM HDR enhancer 

A table summarizing how the ssODN was designed and the conditions with which it was transfected into miPSCs is 
shown. (TOP) The coding strand for intron 6 of Arg1∆ where the gRNA binds (grey box) and Cas9 cleaves (arrow) 
is shown. A 74 bp ssODN (ssODNhind) was designed that substitutes two nucleotides (GàC and CàT, 
greenàblue) to create a novel HindIII site and to destroy the PAM site (so the ssODN isn’t digested by Cas9). 
(BOTTOM) The CRISPR/Cas9 plasmid was cotransfected with ssODNhind. The cells were grown in mES-CM 
medium supplemented with 5 µM HDR enhancer (L755,507 103) to increase the frequency of ssODN incorporation. 
 

 

 

 

Table 2-4: ddPCR Primers and Probes 

Primer or Probe Sequence (5’à3’) Basic Tm
 (oC) 

ddPCR-F GATTGGCAAGGTGATGGAAG 54 

ddPCR-R GTTATATTAAGGGTTGTCGACCTG 54 

Probe_HEX-Arg1∆ 
CGAGTTCATGACTAAGGTTTCCTCCT 59 

Probe_FAM-edit TGCGAGTTCATGACTAAGCTTTCTTCC 60 

A table presenting the sequences and corresponding melting temperatures (Tm) of ddPCR primers and probes is 
shown. The Basic Tm refers to the melting temperature in distilled water, as calculated by the nucleotide sequence104. 
The probe must be 3-10 oC higher than the primers as per the BioRad guidelines 105. 
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To test for the presence of incorporated ssODNhind, the above PCR primers and ddPCR probe were 

designed according to the BioRad guidelines 105  (Table 2-4). 

The ddPCR assay is similar to probe-based quantitative PCR (qPCR) where two probes with 

separate fluorescent tags that bind specifically to two different alleles (in this case “Arg1∆” vs. “Arg1-

Edited”) are used to determine the frequency of those alleles in a mixed population. These two alleles are 

resolved using TaqMan-style probes where the 5’-end of the probe has either a FAM (“Arg1-Edited 

Allele”) or a HEX (“Arg1∆ Allele”) fluorophore and the 3’-end has a quencher molecule (Fig. 2-6B). PCR 

is initiated with primers that flank the probe-binding site (ddPCR-For, ddPCR-Rev, Fig. 2-6B). If a 

particular probe binds, it is digested by the polymerase 5’à3’ exonuclease activity, releasing the 

fluorophore from the quencher, producing a signal. If the probe does not bind, the fluorophore is never 

released.  

This system is common to qPCR and ddPCR; however, the difference in ddPCR is that the 

genomic DNA population is digested (on either side of the site of interest) and partitioned into aqueous 

droplets suspended in oil (Fig. 2-6A). Each droplet is read individually for fluorescent signal, so assuming 

these droplets follow a Poisson distribution, the number of discrete copies of DNA per droplet can be 

quantified. As the FAM and HEX signals can be distinguished, this apparatus allows one to count the 

number of amplicons of each allele, and compare the ratio of their distribution. This key difference 

increases the sensitivity of ddPCR above qPCR by as much as two orders of magnitude 105.  

DNA from all 62 viable colonies was analyzed by ddPCR, each displaying a varying abundance 

of Arg1∆ and Arg1-Edited alleles. This assay not only allows for detection of gene edits, for wells with the 

highest ratio of edited cells can be selected and amplified over several iterative rounds to increase the 

frequency of edited cells, a process known as “sib-selection”. Therefore, this system could be used to 

introduce precise, single nucleotide edits into mouse (or human) stem cells before expansion of those cells 

to be used for treatment of arginase-deficiency. 
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Figure 2-6: ddPCR Assay Experimental Procedure 

A schematic outlining the specifics of the ddPCR assay is shown. A) This schematic explains how ddPCR works. 
First, a DNA sample with a mixed population of Arg1∆ (unedited) and Arg1-Edited alleles is digested and 
partitioned into aqueous droplets suspended in oil (i). The digested templates are then PCR amplified in the presence 
of fluorescent probes within the droplet (ii). If the “Edited Probe” binds, the polymerase 5’à3’ exonuclease activity 
releases the FAM fluorophore from the quencher, producing a signal (the same is true if the “Arg1∆ Probe” binds, 
but instead producing the HEX signal). These droplets are passed individually across a detector with four possible 
outcomes (iii). Signals that meet the threshold are counted and the relative abundance of FAM and HEX events is 
compared for each individual sample. B) The intron-6 target site is expanded showing the gRNA target (grey box), 
the Cas9 cleavage site (scissors), the PAM site (red), as well as the two nucleotides that will be substituted with 
successful recombination of ssODNhind (greenàblue). Two ddPCR probes are shown, one that binds the unedited 
“Arg1∆” allele (producing a HEX signal) and one that binds the “Arg1-Edited” allele (producing a FAM signal). The 
quencher (black “Q”) is also shown as it binds to the 3’-end of both probes. C) The sequence for the PCR primers 
and the probes is provided.  

A)$

Primer& Sequence&(5’!3’)& Probe& Sequence&(5’!3’)&

ddPCR3For$ GATTGGCAAGGTGATGGAAG Edited$Probe$ TGCGAGTTCATGACTAAGCTTTCTTCC

ddPCR3Rev$ GTTATATTAAGGGTTGTCGACCTG Arg1∆$Probe% CGAGTTCATGACTAAGGTTTCCTCCT

B)$

C)$

HEX$
Threshold$

FAM$
Threshold$

Arg1∆$Allele$(HEX)$

Arg13Edited$Allele$(FAM)$i)$

ii)$

iii)$



 42 

2.4 Repair of Exons 7 and 8 Using a Targeting Vector 

Once the cleavage and repair capabilities of this Cas9:gRNA were established, exon 7 and 8 

synthetic DNA was to be reincorporated into the target site. This was done by designing a targeting 

vector, which includes exon 7 and 8 cDNA, a selection cassette and homology arms that allow for 

homologous recombination of this repair construct into the intron-6 locus. 

This targeting vector (Arg1∆_TV, or simply TV) was prepared at Transposagen Inc., consisting of 

a repair cassette, exon 7 and 8 cDNA fused to RFP to mark expression of repaired Arg1. This vector also 

contains a positive-negative drug resistance cassette that can be excised seamlessly by the PiggyBac 

Transposase (Transposagen). The PiggyBac transposon inverted terminal repeats (ITR) flank the 

excisable region, similar to LoxP, but when it is removed by the PiggyBac transposase (PBx) only a 5’-

TTAA-3’ sequence remains, which is shorter than LoxP and does not allow for plasmid reintegration 106 

(Fig. 2-7). This is ideal for use in stem cells because if positioned correctly, the 5’-TTAA-3’ is 

translation-silent. 

 

2.4.1 Integration of the Targeting Vector 

The transfection and cell culture protocol for this assay was adapted from Kosuke Yusa 106. 

Arg1∆-miPSCs were thawed from cryogenic stocks onto a feeder-coated 60 mm dish (P4). They were 

grown until 70-80% confluent before passaging and feeder separation to a 6-well plate at 1x106 cells per 

well. These cells were grown for 24h before transfection of 2.5µg of Arg1∆_TV with or without 

Cas9:gRNA for the targeted repair (TR) or random integration control (RIC) transfection condition, 

respectively (Table 2-5). For these two conditions, 5 µM HDR enhancer was added to fresh media upon 

transfection with Lipofectamine 3000.  

On d5, both TR and RIC cells were passaged to 60 mm dishes with iPMEFs. Two days later (d7, 

d0-puro) the cells began puromycin treatment (1 µg/mL, Sigma). Puromycin selects for cells that have 

taken up the TV and are positive for the puromycin-resistance cassette.    
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Figure 2-7: Exon 7 and 8 Repair by Targeting Vector 

A flow diagram of exon 7 and 8 repair by integration of the Arg1∆ targeting vector (Arg1∆_TV) is shown. The TV’s 
selection cassette has a PGK-EM7 promoter, a puromycin-resistance gene (Puro), a self-cleaving 2A peptide (T2A), 
and a thymidine-kinase gene (TK), and is flanked by the PiggyBac transposon inverted terminal repeats (ITR). The 
repair cassette has exon 7 and 8 cDNA fused to RFP preceded by a splice acceptor (not shown) and followed by a 
poly-A transcription stop (not shown). The targeting vector is cotransfected with the Cas9:gRNA plasmid, and once 
the target is cleaved, it can be integrated by homologous recombination (left arm = 718bp, right arm = 691bp). Cells 
that successfully integrate the TV are selected for by puromycin (positive for Puro, Arg1-Targeted allele). The 
selection cassette can then be removed by adding a PiggyBac transposase (PBx) expression plasmid. Cells that 
successfully excise the selection cassette are selected for by gancyclovir (negative for TK, Arg1-Repaired allele). 
After excision, a 5’-TTAA-3’ sequence is left behind (arrow). Note that the LoxP left from Cre-excision of exons 7 
and 8 is removed upon TV integration. 
 

puromycin  
selection 

gancyclovir 
selection 

Arg1∆ 

Arg1-Targeted 

Arg1-Repaired 

+CRISPR/Cas9 
+Targeting Vector 

+PiggyBac Transposase 

PGK-EM7 

PGK-EM7 

PGK-EM7 

ITR ITR 

Arg1_TV 

TTAA#
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Table 2-5: Transfection Conditions for Arg1∆_TV in Arg1∆-miPSCs 

Cell Line 
Cells 

Per Well 
Transfection 

Condition Plasmid DNA Transfection Reagent 

Arg1∆-miPSC 
 
Lipofectamine 3000 

1.0x106 

Targeted Repair (TR) 
Cas9:gRNA (2.5 µg) + 
Arg1∆_TV (2.5 µg) 

10 µL P3000 + 
5 µL Lipofectamine 3000 
+5 µM HDR enhancer 

Random Integration 
Control (RIC) 

Cas9 only (2.5 µg) + 
Arg1∆_TV (2.5 µg) 

10 µL P3000 + 
5 µL Lipofectamine 3000 
+5 µM HDR enhancer 

A table summarizing the transfection conditions for targeting vector integration is shown. The random integration 
control (RIC) condition, Cas9 only with the targeting vector, shows the rate at which miPSCs randomly-integrate the 
vector without the help of Cas9:gRNA. 
 

 

 

 

Figure 2-8: Genotyping for the Arg1-Targeted Allele 

A) A diagrammatic representation of the target region before (Arg1∆, top) and after (Arg1-Targeted, bottom) 
integration of Arg1∆_TV is shown. PCR primers (arrows) are included with the resulting product sizes for the two 
potential alleles. The F1 and R2 primers are found outside the TV homology arms to confirm vector integration at 
the correct locus. The TV5R primer is located in the PGK-EM7 promoter, and the TV3F primer in the RFP 
sequence, which are both unique to the vector. B) Primer sequences are given for the 5’-homology arm (5’-HA) and 
the 3’-homology arm (3’-HA).  

5’#HA&Primers& Sequence&(5’!3’)& 3’#HA&Primers& Sequence&(5’!3’)&

F1* GTAACCAACTTGCCCAGAAC* F2* AGACGTAGACCCTGGGGAAC*

R1* GCTGGAAAGTTCAGGTGAGG* R2* TGGACACCGGTATGTGAATG*

TV5R* GGGGAACTTCCTGACTAGGG* TV3F* GATGAGGCTGAAGCTGAAGG*

A)*

B)*
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These cells were passaged once they became 70-80% confluent, or before the iPMEFs were 7-10 old days 

in culture, usually about once per week. Once all visible RIC colonies were dead (two passages and 10 

days of puromycin selection), 24 colonies were picked from the dish to a 24-well plate with puro-iPEMFs 

in mES+puro. To pick colonies, first they were excised from the feeder cells using a 23G needle, and then 

pipetted up with a 10 µL pipette. They were seeded without trituration onto the plate, and passaged once 

cells began to grow outward from the colony (usually 2-5 days later). Cells were passaged as needed first 

to 12-well plates, then to 6-well plates on mES+puro medium. 

Once growing stably in 6-well, these cells were passaged, and a portion was harvested for 

genotyping while the other portion was kept growing (still in mES+puro). Each colony was genotyped by 

PCR analysis of both the left and right homology arms to confirm that the entire plasmid was integrated 

(Fig. 2-8). 

The left arm was successfully PCR amplified and sequenced, but the right arm was not despite 

several trials combining many different primers. Thus, a Southern blot protocol was also designed to try 

and solve this problem. Genomic DNA from the same colonies was used for this assay. For this assay, 

BamHI was chosen, as there is a different digest pattern for Arg1∆ and Arg1-Targeted alleles (Fig. 2-9). A 

probe that could be radioactively labeled was designed that would bind just upstream from the 5’-

homology arm (5’Ex Probe).  

The genomic DNA from multiple puromycin-selected cell samples was digested with BamHI (4 

oC O/N, then 37 oC for 1 h), electrophoresed on an agarose gel at 4 oC (2V/cm, O/N). At this point, the 

genomic DNA within the gel was denatured by soaking in denaturation buffer (1.5 M NaCl, 0.5 M 

NaOH) for 45min at room temperature, and neutralized (30 min in 1.5 M NaCl, 1 M Tris-HCl, pH 7.4). 

DNA was transferred onto the membrane by capillary action O/N in 10x sodium chloride-sodium citrate 

solution (10x SSC: 5 M NaCl, 0.15 M sodium citrate, pH 7.0) and covalently bound to the membrane 

using a UV-crosslinker (Spectronics).  
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Figure 2-9: Southern Blot for the Arg1-Targeted Allele 

A schematic showing the design of the Southern blot probe for Arg1∆ and Arg1-Targeted is shown. A) The probe 
binds just upstream from the 5’-homology arm (5’-Ex Probe) and should hybridize with the 7469 and 3841 bp 
digestion bands for Arg1∆ and Arg1-Targeted, respectively. DNA from Arg1∆-PMEFs was used to generate the 
probe. B) The PCR primers to generate the 5’Ex-Probe and its theoretical sequence are shown. 
 

 

  

Arg1∆ 

PGK-EM7 

Cas9:gRNA*

LoxP*

Arg1-Targeted 

BamHI* BamHI*

BamHI* BamHI*

7469bp*

3841bp*

5’9Ex*Probe*

5’9Ex*Probe*

Primer& Sequence&(5’!3’)&

South#5’Ex#F& ACATGGATGCAGAGGGTTGT*

South#5’Ex#R& AGAAAGCAGGCAGCAAGTTC*

5#Ex#Probe&
(328bp)&

ACATGGATGCAGAGGGTTGTTTTCTCTTTGTATTCTTAAACGGCACTTTGTAGTAGATGGGGCAGACTGACCCTTTCTAAGCA
GGTCTGCAGAGATTCGGAAGGTAACCAACTTGCCCAGAACCATGCCAAGTATGTCACAAGGCAAGGGCAATCGGGGCTCCTGG
TTCCTGCCTCTTCTAAGGACATACCACAGGTTTTCCCTTTCTCACCAAGGGCTCCCCTCTACGTCCGAGCCTATCAAAATGGC
AGCTTTGCCATGCAGATTACATTGTGATAGGTTCTTGCTAGGTGGTCCAGGCTGGCTTTGAACTTGCTGCCTGCTTTCT

A)*

B)*
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The radioactive probe was prepared using the Amersham Megaprime DNA Labeling System (GE 

Healthcare). This kit utilizes the Klenow fragment polymerase to insert 32P-dCTP into amplicons of the 

probe. The “Standard Megaprime Protocol” was followed. To remove excess 32P-dCTP, ProbeQuant G-50 

Micro Columns were used (GE Healthcare). The probe was then denatured (98 oC for 5 min, rapidly 

cooled on ice before adding) and incubated on the membrane at 68 oC O/N [in 0.9 M NaCl, 0.09 M 

sodium citrate, 0.5% SDS, 15x Denhardt’s solution (Life Tech), 1 mL x 1 mg/mL salmon sperm DNA 

(Invitrogen)]. Once the probe was hybridized, the membrane was washed four times to remove unbound 

probe: Wash I (2x SSC, 0.5% SDS), wash II (2x SSC, 0.1% SDS), wash III (0.1x SSC, 0.1% SDS), wash 

IV (0.1x SSC). X-ray films (Fujifilm Super-RX) were exposed to the membrane for 24 h and 8 d 

(separate films) before development. 

 

2.4.2 Removal of the Positive-Negative Selection Cassette 

While genomic DNA from puromycin-selected colonies was being genotyped, cells that were 

growing on 6-well plates were transfected with the PiggyBac transposase expression plasmid to excise the 

drug-resistance cassette. There were two transfection conditions (Table 2-6), “PBx Transfected” and 

“Untransfected”, where the “Untransfected” acted as a background control to estimate when the cells that 

had not removed the TK gene died in the “PBx Transfected” sample. For this round of transfection, the 

cells for both conditions were not counted beforehand, but simply transfected when they reached 50-60% 

confluence in a 6-well plate seeded with WT-iPMEF.  

Two days after transfection, cells were passaged to feeder-coated 60 mm dishes to allow the 

elimination of the episomal selection cassette plasmid. These cells were then treated with gancyclovir 

(Cayman, 2 µM in mES) and grown for several days until the untransfected plate had no more visible 

colonies. All surviving colony dishes were expanded until a portion could be cryopreserved, and another 

could be harvested for genomic DNA. Isolated DNA was genotyped by PCR to screen for removal of the 

selection cassette (Fig. 2-10). While these results were being confirmed, these cells were expanded for 

hepatocyte differentiation.  
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Table 2-6: Transfection Conditions for the PiggyBac Transposase Expression Plasmid 

Cell Line Cells Per Well 
Transfection 

Condition 
Plasmid DNA Transfection Reagent 

Arg1∆-miPSC 
Lipofectamine 3000 Undetermined 

PBx plasmid 
 

PBx plasmid 
(2.5µg) 

5µL P3000 + 
5µL Lipofectamine 3000  

Untransfected 
___ ___ 

A table summarizing the transfection conditions for the PiggyBac Transposase (PBx) expression plasmid is shown. 
Untransfected cells serve as a marker for death of background cells in the transfected dish. 
 

 

 

 

 

 

 

 

Figure 2-10: Genotyping for the Arg1-Repaired Allele 

A diagrammatic representation of the genotype before (Arg1-Targeted) and after (Arg1-Repaired) excision of the 
selection cassette by PBx is shown. PCR primers (arrows) are included with the resulting product sizes for the two 
potential alleles. The PB3-P2 primer is found in the 3’-ITR (unique to the selection cassette), the PBxR primer is 
found in the RFP gene, and the PBxF primer is found in the 5’-HA (in exon-6). B) The primer sequences are 
included. 
  

Primer& Sequence&(5’!3’)&

PBxF& TCACAGGACTTACAGTGATC*

PBxR& CATGAACTCCTTGATGACG*

PB3#P2& CGCATGATTATCTTTAACGTACGTCAC*

A)*

B)*

Arg1-Targeted 

Arg1-Repaired 

520 
PB3-P2 PBxR 

670 
PBxF PBxR 

TTAA#

PBx# PBx#
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2.5 Hepatocyte Differentiation 

For hepatic differentiation of miPSCs, the protocol set by Iwamuro et al was followed 107. 

miPSCs were started on a 60 mm dish with iPMEFs, grown to 70-80% before being passaged, feeder 

separated (without breaking up the colonies) and resuspended in embryoid body medium [EB: DMEM-

KO, 15% KOSR, 1% non-essential amino acids (NEAA, Gibco), 1% BME, 1% P/S, 1% Glutamax] 

before transfer to an ultra-low attachment 60 mm dish (d0). Half of the media was changed every day for 

four days while embryoid bodies formed. On d5, the embryoid bodies were collected, spun down and 

resuspended in definitive endoderm medium [DE: DMEM-KO, 1% P/S, 1% Glutamax, 100 ng/mL 

Activin-A (R&D Systems), 100 ng/mL basic fibroblast growth factor (bFGF, Peprotech)]. Embryoid 

bodies were split onto gelatin-coated a 12-well plate, and half the medium was changed every day, 

supplemented with KOSR on d6 (0.2%) and d7 (2.0%). On d8 the medium was switched to hepatocyte 

differentiation medium [HD: DMEM-KO, 10% KOSR, 1% NEAA, 1% Glutamax, 1% dimethyl sulfoxide 

(Sigma-Aldrich), and 100 ng/ml hepatocyte growth factor (HGF) (Peprotech)]. Half the medium was 

refreshed every day until d13, when the media was switched to hepatocyte culture media [HC: DMEM-

KO, 8.4% FBS, 1% Glutamax, 10% tryptose-phosphate (Sigma), 1 µM insulin (Roche), 10 µM 

hydrocortisone (Sigma), 0.1µM dexamethasone (Sigma), 1% P/S]. Cells could be maintained and 

passaged in this media to expand the number of hepatocyte-like cells. Once the cells reached 70-80% 

confluence, they were passaged to a collagen-coated (BD Biosciences) 60 mm dish and continually 

expanded. 

The cells were tested for the production of glycogen, a marker of definitive hepatocytes. The 

Periodic-acid Schiff (PAS, Sigma) stain was used, where periodic acid oxidizes complex sugars (such as 

glycogen) to produce aldehydes that react with the Schiff reagent, creating a magenta colour. Dishes with 

successfully stained cells were expanded and kept growing. 

The next chapter presents the results found in this study. Each section of results follows the order 

of experiments presented in this methods chapter with the same sub-chapter headings.  
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Chapter 3 

Results 

3.1 Generation of Cell Lines 

Three separate cell lines (Arg1∆-PMEFs, Arg1∆-miPSCs and mArg1∆-HEK cells) were used for 

the proof-of-concept experiments to test for NHEJ and HDR. The HEK cells allowed for rapid testing of 

the Cas9:gRNA that was designed because they are easily transfected and have high expression of 

transfected plasmids. The PMEFs were tested because they can be converted directly into hepatocyte-like 

cells, which could prove useful in the future if there is trouble with the miPSCs. This section outlines how 

these cell lines were generated. 

 

3.1.1 PMEF Isolation and Excision of Exons 7 and 8 

PMEFs isolated from Arg1-Cre mice were treated with 4-OHT to excise floxed exons 7 and 8 (3 

replicates). Skin fibroblasts from tamoxifen-treated Arg1-Cre mice, previously shown in our lab to be 

arginase deficient 31, were used as positive controls, while 4-OHT-untreated Arg1-Cre PMEFs were used 

as a negative control. Arg1flox cells showed bands at 1.2 kb and 252 bp, while Arg1∆ cells had one band at 

195 bp. Genomic DNA extracted from these cells was PCR-genotyped (Fig. 3-1) and the three PMEF 

samples displayed the Arg1∆ allele. 

 

3.1.2 Mouse iPSC Reprogramming 

To validate the success of PMEF reprogramming into miPSCs, the alkaline phosphatase stain was 

used. This stain binds to alkaline phosphatase, a marker for pluripotency in miPSCs, and fluoresces green 

when bound (Fig. 3-2). In addition, the cells grew as distinct colonies on feeder layers analogous to 

embryonic stem cells (Fig. 3-2). 
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Figure 3-1: Genotyping Results from 4-OHT-Treated PMEFs 

A gel displaying the results of PCR genotyping after 4-OHT-treatment of PMEFs is shown. Skin fibroblasts from 
vehicle-treated (-) and tamoxifen-treated (+) Arg1-Cre mice were used as controls. The expected band sizes are 
1200+252 bp and 195 bp for Arg1flox and Arg1∆ cells, respectively. Kamalika Mukherjee treated the PMEFs and 
performed the PCR-genotyping assay 
 

  

 

Figure 3-2: Alkaline Phosphatase Stain for Pluripotency in miPSCs 

Microscopic image of alkaline phosphatase stain for pluripotency in reprogrammed miPSCs are shown. Colonies 
can be seen growing on iPEMFs in phase contrast, and when the stain binds alkaline phosphatase, they glow green 
under fluorescent light. Angie Sin carried out the cell staining.  
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3.1.3 Generation of mArg1∆-GFP-HEK Cells 

mArg1∆-HEK cells displayed stable expression of transgenic GFP from pEGFP-C2+mArg1∆-

intron6 insert plasmid. These cells were also PCR-genotyped using I5-for and 3’UTR-Rev primers to 

confirm the presence of the mArg1∆-intron 6 insert, which appears as a 346 bp band (Fig. 3-3). Wild-type 

(WT) HEK cells were used as a negative control. 

 

3.2 Target Design and Construction of the Cas9:gRNA Plasmid 

Before any gene editing experiments could be performed, a target site for Cas9-cleavage had to 

be designed. A target needed to be carefully designed in order to minimize the probability of Cas9 off-

target cleavage. This was done using online design software that searches for 20bp sequences with a 3’-

PAM region within a defined locus. This section deals with the design of the gRNA target using online 

software, quality analysis of this target, and insertion of gRNA-coding dsODN into pX330. 

 

3.2.1 Target Design and Off-target Analysis 

Several potential gRNA targets were considered, and one was chosen based on good agreement 

between the ZiFit and Zhang lab design software (sequence shown in table 2-1). Beneath, the results from 

these two algorithms are shown for the chosen Cas9 target (Table 3-1). The off-target regions are 

organized in decreasing Cas9-cleavage probability. The most similar off-target locus (off-target 1) had 3 

mismatches, which is reportedly safe for use 57. 

 

3.2.2 Cas9:gRNA Plasmid Construction 

Once the target sequence was designed, oligodeoxynucleotides with the appropriate overhangs 

after annealing were ligated into BbsI-treated pX330 (Fig. 3-4A). Six pX330+gRNA (referred to as 

“Cas9:gRNA” plasmid below) plasmid samples were sequenced (with pX330-Seq primer, Fig. 3-4A), and 

were positive for insertion of the gRNA-coding region (Fig. 3-4B).   
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Figure 3-3: Genotyping Results for mArg1∆-HEK Cells 

A) After selection and several rounds of passage, HEK293 cells transfected with pEGFP-C2+mArg1∆-intron6 insert 
stably express GFP, seen under fluorescent light. B) These cells were also genotyped for the presence of the intron6 
insert (346 bp) using wild-type HEK cells as a control (no product). C) The PCR product for the mArg1∆-HEK 
sample was sequenced and the portion that aligned to mouse Arg1∆ and the gRNA references is shown. This 
confirms integration of the 346 bp mouse Arg1∆ region that spans from intron-5 to the 3’UTR downstream of the 
remnant LoxP site, which includes the Cas9:gRNA target site. Tim St. Amand completed plasmid integration into 
these HEK cells. 
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Table 3-1: Cas9:gRNA Off-target Analysis 

Target Site Chromosome/ 
Strand 

Locus Number of 
mismatches 

Mismatch Position in 
gRNA (1-20) 

On-target 10/+ 24636100 0 - 

 
Zifit CRISPR Design Tool 

Off-target 1 8/- 122496409 3 1, 3, 13 

Off-target 2 2/+ 181153623 3 3, 13, 16 

Off-target 3 1/+ 193258523 3 3, 12, 16 

Off-target 4 19/- 7030145 3 2, 15, 20 

Off-target 5 5/+ 107646683 3 2, 11, 16 

Off-target 6 4/+ 8932851 3 2, 14, 18 

Off-target 7 1/+ 42762680 2 19, 20 

 
Zhang CRISPR Design Tool 

Off-target 1 8/- 90766598 3 3, 8, 10 

Off-target 2 15/- 96301846 3 2, 5, 7 

Off-target 3 7/- 17114292 4 1, 3, 4, 8 

Off-target 4 9/+ 48529494 4 1, 3, 4, 8 

Off-target 5 18/+ 34106141 4 2, 4, 5, 8 

Off-target 6 8/- 12249605 3 1, 3, 13 

Off-target 7 15/+ 61273196 4 2, 7, 8, 10 

A table showing the output from both the ZiFit 62,99 and Zhang lab 57 CRISPR design tools is shown. The on-site 
target is given at the top, found on chromosome 10 on the +-strand (antisense strand for the Arg1 gene). Off-target 
sequences for both software are organized in decreasing Cas9-cleavage probability. For example, Off-target 1 for 
ZiFit falls above Off-target 2 because the three mismatches are found closer to position 1, which as outlined in 
section 2.3.1, renders it more likely to be cleaved by Cas9. 
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Figure 3-4: Cloning pX330 with gRNA and Sequence Confirmation 

A) A plasmid map for pX330 before cloning was generated using the sequence deposited to Addgene by the Zhang 
Lab at MIT 100. A U6 promoter initiates transcription of gRNA (once it is cloned) and gRNA scaffold sequence. 
Cas9 transcription is initiated by the chicken ß-actin promoter and has two nuclear localization signals (NLS). The 
ampicillin resistance gene allows for selection of transformed bacteria. B) Six pX330+gRNA and one pX330 sample 
were sequenced for the presence and absence of the gRNA coding sequence, respectively, using thepX330-Seq 
primer (purple). These sequence reads are aligned to a pX330+gRNA reference. The pX330 sample still has the 
intact BbsI cloning site (red), while all six pX330+gRNA samples had correctly integrated the gRNA sequence 
(destroying the BbsI sites). S = cytosine or guanine (yellow).  
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The pX330 plasmid without gRNA-coding dsDNA (referred to as “Cas9 only” plasmid below) was also 

sequenced after bacterial amplification to ensure that there was no gRNA coding sequence (Fig. 3-4B). 

 

3.3 Proof-of-Concept Experiments to Validate NHEJ and HDR 

One experiment, the heteroduplex assay, was designed to confirm that the designed Cas9:gRNA 

was effective at producing DSBs at the locus of interest. A second experiment was designed to detect 

synthetic DNA introduced at this site before using this enzyme system to promote repair of exons 7 and 8 

in Arg1∆ mice. This section provides the results from these proof-of-concept experiments to confirm the 

capability of this Cas9:gRNA to produce DSBs (by detecting NHEJ mutations) and integration of 

exogenous DNA into that locus (via HDR). 

 

3.3.1 Heteroduplex Assay to Test for NHEJ 

For this assay, genomic DNA was isolated from a population of cells that have been transfected 

with the Cas9:gRNA expression plasmid for each of the three cell lines. NHEJ repair of DSBs induced by 

Cas9 produces a mixed population of mutated and unmutated (still Arg1∆) cells. Transfections of either 

the “Cas9 only” or Cas9:gRNA plasmids were carried out in mArg1∆-HEK cells, Arg1∆-PMEFs and 

Arg1∆-miPSCs. The transfection efficiency of these three cell lines was estimated by cotransfection of the 

“Cas9 only” plasmid with either RFP (HEK cells) or GFP (PMEFs and miPSCs, Fig. 3-5A). The HEK 

cells were transfected with RFP as they already stably express GFP. Compared to the HEK cells and 

PMEFs, the miPSCs had low transfection efficiencies (Fig. 3-5A), which led to undetectable NHEJ-

mutations. For this reason, the miPSCs were FACS-sorted to enrich the ratio of transfected cells (Fig. 3-

6). This procedure works under the assumption that the GFP and Cas9:gRNA expression plasmids are 

cotransfected stoichiometrically, thus any cells that are green-fluorescent must also have the Cas9:gRNA 

plasmid. This enrichment should enhance the heteroduplex enzyme-digested band intensity by reducing 

the background signal attributed to untransfected cells.   
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Figure 3-5: Transfection Efficiency and Heteroduplex Assay Results 

A) Representative micrographs showing the transfection efficiency for mArg1∆-HEK, Arg1∆-PMEF and Arg1∆-
miPSCs are shown. HEK cells were transfected with RFP as they stably express GFP. B) Heteroduplex nuclease 
digest gels are shown for the three cell lines. The 346 bp PCR product is cleaved into 197+149 bp (predicted, exact 
sizes vary slightly depending on specific indel mutations) in the presence of a heteroduplex produced by Cas9 
cleavage and NHEJ repair. Cas9 is not effective in the absence of gRNA as shown by “Cas9 only”. C) Sequencing 
results are aligned to Arg1∆ and gRNA reference sequences. These results show a variety of mutations around the 
theoretical cleavage site (arrow), including both insertion (+) and deletion (-) of the specified number of basepairs. 
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TTACCTAAATTTTTATTAGCAGCCTGCGCTGACAGGAATGTC-AGGAGGAAACCTTAGTCATGAACTCGCACACAAA 

-3 TTACCTAAATTTTTATTAGCAGCCTGCGCTGACAGGAAT----AGGAGGAAACCTTAGTCATGAACTCGCACACAAA 
-2 TTACCTAAATTTTTATTAGCAGCCTGCGCTGACAGGAAT-T--AGGAGGAAACCTTAGTCATGAACTCGCACACAAA 

-2 TTACCTAAATTTTTATTAGCAGCCTGCGCTGACAGGAATG---AGGAGGAAACCTTAGTCATGAACTCGCACACAAA 
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Figure 3-6: Fluorescence-Activated Cell Sorting of Arg1∆-miPSCs 

A schematic showing the gating requirements of the fluorescence-activated cell sorter (FACS) is shown. On the X-
axis is the fluorescence intensity (in relative units) at 525±20 nm, and on the Y-axis is the number of cells associated 
with a particular level of fluorescence intensity. The gating threshold was set to 3 relative intensity units. 10.7% 
(28000 cells) and 10.5% (40000 cells) of the cell population were collected for the “Cas9 only” and “Cas9:gRNA” 
cell populations. FACS was completed by Matt Gordon. 
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Genomic DNA was isolated from mArg1∆-HEK, Arg1∆-PMEF and Arg1∆-miPSCs for this assay. 

Each was PCR amplified using I5-for and 3’UTR-Rev primers (346 bp), which was melted and 

reannealed to produce heteroduplexes. These heteroduplexes were digested using either the Surveyor 

Nuclease S (SNS, HEK and PMEF) or the T7 endonuclease-1 (T7E1, miPSC, Fig. 3-5B). T7E1 was used 

for miPSCs due to insufficient cleavage of SNS in previous trials on miPSCs. PCR amplicons from these 

cells, unmelted and undigested, were sent for sequencing to identify the specific NHEJ mutations 

introduced by Cas9. These sequence reads reveal insertions and deletions of varying sizes (Fig. 3-5C). 

 

3.3.2 ddPCR Assay to Test for HDR 

Next, the capability to introduce synthetic DNA by HDR was tested using ddPCR. Transfections 

of the Cas9:gRNA plasmid and ssODNhind were made in Arg1∆-miPSCs. Genomic DNA was collected 

from 62 cell colonies showing cell growth in a 96-well plate. These genomic DNA samples were digested 

with HaeIII prior to PCR amplification with ddPCR-For and ddPCR-Rev primers (Fig. 2-6). The digested 

samples were analyzed for the presence of the Arg1-Edited allele (Fig. 3-7A) using the “Edited Probe” 

and “Arg1∆ Probe” (Fig. 2-6B). Signal events above the set threshold absorbance units (A.U., FAM = 

1500 A.U., HEX = 2000 A.U.) were counted (Fig. 3-7B). The HEX threshold was set using a synthetic 

Arg1-Edited dsDNA (negative for HEX signal, positive for FAM), while the FAM threshold was set 

using an Arg1∆ untransfected miPSC sample (positive for HEX, negative for FAM). The relative 

abundance was compared between 12 samples that showed FAM signal, with the highest proportion of 

FAM signal being 1.5% (Sample-1, Fig. 3-7C). 
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Figure 3-7: ddPCR Assay Results 

A) A schematic of the ssODNhind recombination site is shown. The Arg1∆ allele before and the Arg1-Edited allele 
after recombination exist in a mixed population when genomic DNA is collected from the 96-well plate. B) The 
ddPCR results are shown for 12 representative samples, as well as an Arg1∆ (negative control) showing the HEX 
(green) signal and an Arg1-Edited synthetic dsDNA (positive control) showing the FAM (blue) signal. Signal 
intensity is measured in relatice absorbance units (A.U.). C) The number of events above threshold for FAM 
(1500A.U.) and HEX (2000A.U.) are counted. The thresholds were set above background signal (black) as 
determined by Arg1∆ (positive) and Arg1-Edited (negative) controls. The percentage of FAM signals is given 
underneath each sample (average 0.71±0.34%).  
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3.4 Repair of Exons 7 and 8 Using a Targeting Vector 

After the capability for the designed Cas9:gRNA for NHEJ and HDR was confirmed, attempts 

could be made to repair exons 7 and 8. This section provides genotyping results from miPSCs that have 

undergone the homologous recombination protocol, as well as puromycin and gancyclovir selection. 

Puromycin-selected cells should have integrated the targeting vector (Arg1-Targeted allele) while 

gancyclovir selected cells should have successfully removed the selection cassette (Arg1-Repaired allele), 

leaving behind only exon 7 and 8 cDNA fused to RFP. 

 

3.4.1 Genotyping for Arg1-Targeted Allele 

Multiple colonies were picked after transfection of Arg1∆_TV and subsequent puromycin 

treatment. DNA was collected from these colonies and PCR amplified using the primers shown in Figure 

3-8. The “left primer triplet” (“Left”, Fig. 3-8B) has one primer binding outside the 5’-HA (F1) and one 

primer binding either the within the 3’-HA (R1) or in the left side of the targeting vector (TV5R, Fig. 3-

8A). Thus, the Arg1∆ allele before integration of Arg1∆_TV will be PCR-amplified using F1 and R1 

primers (1583 bp), and the Arg1-Targeted allele after integration will PCR-amplify using F1 and TV5R 

primers (1467 bp). There is a similar “right primer triplet” (“Right”, Fig. 3-8B) for the right side of the 

vector, with R2 outside the 3’-HA, F2 inside the 5’-HA and TV3F in the RFP domain (Fig. 3-8A). Using 

the “right primer triplet”, the Arg1∆ allele will PCR-amplify with R2 and F2 (1635 bp), and the Arg1-

Targeted allele will PCR-amplify with R2 and TV3F (1476 bp). The PCR amplicons for “left” and “right” 

were gel electrophoresed and shown in Figure 3-8B. The left primer triplet shows the proper PCR 

amplicon in Arg1-Targeted cells (1467 bp), which is absent in Arg1∆ control cells (not transfected with 

Arg1∆_TV). The right primer triplet has a nonspecific band (~2100 bp) in both Arg1-Targeted and Arg1∆ 

cells. 
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Figure 3-8: Genotyping for the Arg1-Targeted Allele 

A) The Arg1∆ and Arg1-Targeted alleles are shown. PCR primers are shown with the resulting product sizes for both 
the 5’-HA (F1+R1, F1+TV5R) and the 3’-HA (F2+R2, TV3F+R2). B) PCR data for a representative cell sample 
selected by puromycin (TV-transfected) and untransfected cells (Arg1∆). The expected sizes are given beneath each 
lane corresponding to the primer pair used for the 5’-HA and 3’-HA. Note that the appropriate band for the left arm 
(1467 bp) but not for the right arm (1476 bp) were detected, and that the apparent ~2100 bp band shows up in both 
the TV-transfected and Arg1∆ cells. C) The schematic for the 5’-HA is expanded and sequencing results are aligned 
to it. There is overlap of two separate sequence reads that extend from outside the vector in to the first segment of 
foreign DNA (5’-ITR), suggesting that the vector integrated into the correct locus. D) Sequence reads bridging 
between genomic DNA and the 5’-HA (*) and between the 5’-HA and 5’-ITR (**) are shown in the table.  
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The “left primer triplet” PCR sample was PCR-purified and sequenced. Reads from these results revealed 

a complete sequence match for the area spanning outside the 5’-HA (*) to the 5’-ITR (**), which 

confirms that the left side of the targeting vector was integrated at the correct locus (Fig. 3-8C/D). This 

also suggests that the right side of the vector has been correctly inserted, but for some unknown reason 

the PCR-genotyping assay has not yet revealed the correct band sizes. 

 

3.4.2 Southern Blot for Arg1-Targeted Allele 

As both arms could not be clearly validated by PCR, a Southern blot analysis was also attempted 

to distinguish between Arg1-Targeted and Arg1∆ alleles after puromycin selection. Genomic DNA from 

10 puromycin-selected cell colonies and one Arg1∆ control was digested by BamHI and electrophoresed 

in an agarose gel (Fig. 3-9A). Samples were successfully digested and transferred to the membrane, but 

no bands were seen after hybridization of the radiolabeled probe and exposure on the X-ray film. The 

PCR probe used for radiolabeling is also shown after PCR purification (Fig. 3-9B). The absence of 

radioactivity is likely due to improper labeling or hybridization of the probe because there is abundant 

purified probe, and the genomic DNA is well separated by gel electrophoresis. 

 

3.4.3 Genotyping for Arg1-Repaired Allele 

While the results from genotyping assays were being collected, puromycin-selected cells were transfected 

with a plasmid encoding the PiggyBac transposase and underwent subsequent gancyclovir selection. A 

control cell population that was not transfected was included, and once all visible cells from this sample 

died, DNA was collected from the surviving wells that underwent transfection. PCR genotyping was 

performed on these cells using the primers shown in Figure 3-10A. The results are given below (Fig. 3-

10B). The gancyclovir-selected cells (Arg1-Repaired) were compared to controls from after puromycin 

selection (Arg1-Targeted) and before any gene editing (Arg1∆).   
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Figure 3-9: Southern Blot for the Arg1-Targeted Allele 

The results from the attempted Southern blot are shown. A) Gel electrophoresis (top) after BamHI digestion of 
genomic DNA of puromycin-selected cell colonies and after probe hybridization (bottom). The predicted sizes are 
7469 and 3841 bp for Arg1∆ and Arg1-Targeted alleles, respectively. B) Probe electrophoresis after PCR purification 
(predicted size 328 bp). 
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Figure 3-10: Genotyping for the Arg1-Edited Allele 

A) A schematic of the Arg1-Targeted and Arg1-Repaired alleles found in the gancyclovir selection step is shown. 
The genotyping primer binding positions and amplicon sizes are given. B) Gel showing the PCR genotyping results 
using the given primers. Arg1∆-untransfected and Arg1-Targeted (PBx untransfected) control DNA is shown with 
Arg1-Repaired DNA from ganciclovir-selected cells. The predicted sizes are given below. N/A, no band should be 
amplified with given primer set. The “Repaired” cell sample shows a correct PCR product for the one primer set, 
while the control samples yielded bands when not supposed to with the given primer sets except for the “Targeted” 
PB3-P2 – PBxR (520 bp) band.  
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The correct band size of 670 bp (PBxF - PBxR) and no band (PB3-P2 - PBxR) were seen for the Arg1-

Repaired cells (Fig. 3-10B). However, there were also incorrect PCR results, namely a 670 bp band was 

present in both controls (PBxF - PBxR), and a 520 bp band was seen in Arg1∆ cells (PB3-P2 – PBxR), 

which should not be present. 

 

3.5 Hepatocyte Differentiation 

Although cells could not be confirmed for Arg1 repair, hepatocyte differentiation was conducted 

to test the protocol. Mouse-iPSCs were differentiated into embryoid bodies, and then differentiated into 

definitive endoderm before further differentiation into hepatocyte-like cells (Fig. 3-11). The hepatocyte-

like cells show the correct morphology (binucleated hexagonal) and stain positive for glycogen (stains 

purple with PAS stain). This confirms the morphology of hepatocyte-like cells, however these cells are 

not red-fluorescent, which is expected if they were expressing repaired Arg1. 
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Figure 3-11: Hepatocyte Differentiation 

The hepatocyte differentiation steps are shown. First, miPSCs are differentiated into embryoid bodies, which have 
the appearance of dark spheres floating in solution. These are split and transferred to gelatin-coated plates for 
attachment and differentiated into definitive endoderm (differentiated cells radiate outward from the central colony). 
This endoderm is further differentiated into hepatocyte-like cells, which have the appearance of binucleated 
hexagons (red ellipse). These hepatocyte-like cells were passaged onto a collagen-coated plate and stained with 
periodic acid Schiff (PAS) reagent (stains glycogen purple). Cells were differentiated and stained by Angie Sin.  

Day 33 - PAS staining 

Mouse iPSCs Day 4: Embryoid body 

Day 13: Hepatocyte differentiation Day 8: Definitive endoderm 

Day 33 – Hepatocyte-like cells 
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Chapter 4 

Discussion 

The purpose of this study was to develop a gene-editing strategy to correct arginase-1 deficiency 

in mice. The use of gene-editing is attractive for all the reasons previously stated: it can be carried out 

without the use of unpredictable viral vectors; the cells that are repaired are recognized by the host as 

“self”; the edited host DNA has a greater longevity than via episomal expression vectors; and that the 

edited DNA is regulated by the endogenous promoter. The major concern, however, is that the 

CRISPR/Cas9 gene-editing system is capable of cleaving DNA in other loci than the desired target. 

Although this can be attenuated by careful selection of a target with minimal homology elsewhere in the 

genome, any cell line that has been repaired by gene editing must be deep sequenced to ensure no 

potentially life-threatening mutations have been produced. Although substantial development for gene 

editing in Arg1 was initiated, the prospect of off-target mutation detection from the selected target is 

unknown, and thus how many cell colonies must be generated before finding one that is not critically 

mutated is unclear. 

Another approach would be to use the Cas9:FokI fusion enzyme that has been recently 

developed108. This enzyme requires that two separate 20 nucleotide target sequences bind a gRNA, which 

recruit two separate catalytically inactive Cas9 enzymes fused to FokI. These two FokI enzymes then 

must dimerize to produce a single DSB, much like ZFNs and TALENs (Fig. 4-1). Doubling the target 

sequence reduces considerably the probability of off-target cleavage. 

There were two gene-editing strategies tested in this study. The first was HDR-promoted single 

nucleotide substitutions, and the second was the recombination of a large repair construct, the targeting 

vector. Both these stratetegies can be adapted to treat ARG1-deficiency in human cells.   
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Figure 4-1: Catalytically Inactive Cas9 Fused to FokI 

A schematic of the catalytically inactive Cas9 (dCas9) to FokI fusion protein is shown. In this system, there are two 
target sites that bind two separate gRNAs. Each gRNA recruits a Cas9-FokI protein, and the FokI enzyme must 
dimerize before a cut is produced. This means that if an off-target locus manages to bind a gRNA, no cut will be 
produced because only a single FokI monomer will be recruited. Figure borrowed from Zifit website 109. 
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The first strategy mimics treatment of single nucleotide polymorphisms that cause the disease, 

which would be effective in treating such mutations as 61C>T, which produces an early stop codon at 

amino acid 21 (Table 1-1). This mutation leads to completely inactive ARG1, and could be corrected 

simply by substituting a C for a T at position 61 in the mutated gene. Repair could be performed with an 

ssODN with the required substitution, and could be detected using ddPCR. Cell clones in a 96-well plate 

that showed a high proportion of the edited allele could be selected and subsequently split into additional 

96-well plates for ddPCR detection. This iterative process would continually increase the proportion of 

edited to unedited cells until a satisfactory level was achieved. This is a labour intensive process that 

requires several rounds of sib-selection and an abundance of expensive cell culture and ddPCR reagents. 

In addition, this protocol would need to be adapted for every individual mutation that produces ARG1-

deficiency.  

For this reason, the second strategy was also tested, where instead of editing single nucleotides, a 

large construct containing WT ARG1-encoding DNA is introduced. In this study, the construct only 

contained exons 7 and 8, but it is theoretically possible to introduce the entire gene. There is currently 

work being done in the Funk lab to test the viability of introducing exons 2-8 in a targeting vector with an 

excisable drug-resistance cassette (much like the vector in this study). Attempts are being made to 

introduce this vector into intron-1 of ARG1 in human ARG1-deficient cells. Exon-1 is not included as 

there may be some important signaling DNA in the promoter to exon-1 region, which should not be 

interrupted. This strategy provides a treatment protocol that reaches a broader scope of patients with 

significantly less patient-to-patient modification. 

Three cell lines were used to test the mechanics of the Cas9:gRNA gene-editing enzyme in this 

study, mArg1∆-HEK, Arg1∆-PMEF, and Arg1∆-miPSCs. The PMEFs were generated from Arg1-Cre mice 

(homozygous for Arg1flox and either homo- or hemizygous for R26-CreERT2) before 4-OHT or tamoxifen 

treatment. Although it may have been ideal to cross tamoxifen-treated mice to generate embryos with the 

Arg1∆ allele, they would not survive long enough to reach gestation day 13.5 for harvesting PMEFs. 

Instead, PMEFs isolated from these mice underwent 4-OHT-treatment in vitro. The major concern then 
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became achieving knockout in an entire population. There were no observable PCR products indicative of 

the Arg1flox allele in 4-OHT-treated PMEFs (Fig. 3-1), which suggests that exons 7 and 8 were removed 

with high efficiency. 

For miPSC reprogramming, a lentiviral delivery system was used. This delivery is highly 

efficient, and has good stoichiometric expression of the four reprogramming factors (Oct4, Klf4, Sox2, 

and c-Myc). The lentiviral genome containing genes for these factors incorporated into the genome of 

PMEFs, and expression of these genes reprogrammed the PMEFs into miPSCs, shown by the alkaline 

phosphatase stain (Fig. 3-2). However, because the viral construct integrates into the host genome, it must 

be subsequently removed before transplanting reprogrammed cells back into a host. This has not yet been 

done in the cells prepared in this study. In human cell reprogramming performed by other members of the 

Funk lab, an episomal vector was utilized for reprogramming of human dermal fibroblasts. It was 

previously tested in mouse fibroblasts, but cells could not be successfully reprogrammed, perhaps because 

it utilizes human reprogramming factors instead of mouse factors. In the future, it would be beneficial to 

use an episomal vector coding for mouse OKSM factors to eliminate the need for Cre-excision of that 

cassette, which leaves behind an undesired LoxP site. However, in vivo experiments have not yet been 

conducted in this study, and the use of the lentiviral vector still allows for genomic tests to be conducted. 

HEK cells were also used in this study in order to test the effectiveness of Cas9:gRNA at 

producing DSBs at the locus of interest. As HEK cells do not contain mouse Arg1, a small (346 bp) 

region from the Arg1∆ allele of PMEFs was introduced. It spans from intron-5 to the 3’-UTR, containing 

the remnant LoxP site from excision of exons 7 and 8 with Cre-recombinase (fig. 2-1A). As the efficiency 

of NHEJ mutation detection is contingent on the transfection efficiency and level of expression of Cas9, 

HEK293T cells were ideal for proof-of-concept experiments as they generally transfect and express 

plasmids at high efficiency 110. This transgenic construct was randomly integrated and sequence verified 

(Fig. 3-3). 

Online design software was used to generate several sequences that could be used for targets in 

the exon-6 to 3’-UTR region of Arg1∆. These sequences were then compared for their likelihood of 
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producing off-target cleavage. Two sets of analyses were compared, as they employ different scoring 

matrices illustrated by the different output sequences (Table 3-1). A target that had high fidelity between 

the two programs was selected among several options. Using a target that agrees well with both software 

should reduce the risk of off-target cleavage. The likelihood of this happening is low when using targets 

that have greater than two mismatches to its most similar off-target sequence, as was shown in by Hsu et 

al 57. They tested the effects of single, double, and triple mismatch sequences on the cleavage efficiency 

of Cas9. In this study, they showed that Cas9 had no measurable cleavage in targets that had three 

mismatches, no matter the position relative to each other. This, taken together with the possibility that the 

majority of DNA in a particular differentiated cell line is non-essential suggests that the likelihood of 

detrimental effects due to off-target mutation of the genome is very low.  

It is important to note that the design software used, although based on cleavage efficiency 

research, only estimates the likelihood of off-target cleavage. The relationship between number of 

mismatches and their distribution between the target and off-target and the probability that Cas9 will 

cleave is complex. This is exemplified by the fact that the two design software programs use different 

scoring matrices, which is why the two search results are so different (Table 3-1). In these results, there is 

only one sequence that was found by both programs (Off-target 1 for ZiFit, Off-target 6 for Zhang 

CRISPR Design Tool), and their score is considerably different. That being said, if the off-target regions 

found by these tools had fewer mismatches, it is possible that the results would be more similar as there 

would be fewer similarly scored sequences. 

Using the Cas9:gRNA that was designed in this study, it can be reasonably concluded that this 

system is capable of cleaving genomic DNA at the locus of interest, as shown by the heteroduplex assay 

(Fig. 3-5). The ddPCR HDR assay would also suggest that ssODN “editing” DNA can be introduced into 

this locus to produce small edits (Fig. 3-6), but sequencing results are required to confirm this. Detecting 

such a low frequency of allelic variance in this mixed population, however, requires techniques such as 

“sib-selection”. In this form of selection, the highest ratio of edited to unedited cells is iteratively selected 

and split into 96-well plates in an attempt to further increase the frequency of the edited allele. As was 
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shown in this assay, the best frequency of edited allele detection was 1.5% (Fig. 3-7C), which is too low 

for detection by conventional sequencers. 

As for correcting the actual mutation in the genome of the Arg1-deficient mice, a targeting vector 

was used to attempt to reintroduce cDNA of the deleted exons 7 and 8 along with an RFP cassette. 

Evidence gathered from PCR genotyping assays would suggest that the targeting vector was successfully 

integrated. The left arm of the vector was detected and found in the correct locus, as confirmed by 

sequencing (Fig. 3-8C/D). However, the right arm of the vector was not amplified in PCR assays. In a 

webinar delivered by a company representative Transposagen (the company that constructed this targeting 

vector), it was stated that it is common to be able to detect one arm but not the other when doing positive-

negative selection. Their suggestion was to try using many different primers until a pair can successfully 

amplify each side of the vector. A good reason as to why researchers at Transposagen had such trouble 

with these particular PCR assays was never provided. It is possible that the nature of this assay, where 

one primer is bound regardless of vector integration, renders it more sensitive to the second primer 

mispriming and producing nonspecific bands (such as in Fig. 3-8B “Right” at ~2000 bp). It may be 

beneficial to use primers that lie outside both homology arms to detect the difference in size upon 

insertion, but this would create an amplicon of 6-7 kb, which could be difficult to amplify using PCR. 

Another strategy would be to optimize the presented PCR protocol using a synthetic dsDNA as a positive 

control. 

Assuming the targeting vector was correctly inserted, it remains to be seen if the positive-

negative selection cassette was excised properly to generate the Arg1-Edited allele. The PCR amplicons 

of the correct size were seen for the gancyclovir-selected cells (Arg1-Edited), but they were also seen in 

Arg1∆ and Arg1-Targeted control cells (Fig. 3-9). This assay would also likely benefit from optimization 

using a positive control synthetic dsDNA. It would be necessary to sequence these PCR bands in order to 

see if the exon 7 and 8 cDNA and RFP tag were actually integrated. 

Another way of detecting the integrated targeting vector, as well as the excision of the positive 

and negative selection cassette is to use Southern blotting. A Southern blot assay was designed to detect 
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Arg1∆_TV once it was integrated. Unfortunately, this assay turned out to be technically difficult, and time 

constraints prevented adequate troubleshooting. In the future, this technique would be useful to detect 

correct integration at both homology arms. If the vector is truly present, it will be detected by Southern 

blot as long as there is enough genomic DNA in the sample. In order to test for the excision of the 

selection cassette by PiggyBac transposase, the same probe could be used, as the BamHI site that 

differentiates Arg1∆ from Arg1-Targeted lies in the T2A site of the selection cassette. The predicted size 

for the Arg1∆ and Arg1-Targeted alleles are 7465 and 3841 bp (Fig. 2-9) respectively, and if the same 

probe were used for the Arg1-Repaired allele, it would be 8672 bp. 

Despite not yet confirming repair of the Arg1∆ allele, cells that had been gancyclovir-selected 

were still differentiated into hepatocyte-like cells. It is interesting to note that the OKSM reprogramming 

cassette was not removed before differentiation, but these miPSCs displayed hepatocyte-like morphology, 

and still synthesized glycogen (Fig. 3-10). This means that once miPSCs are correctly repaired, there 

should be no trouble in differentiating them in further studies. It is also noteworthy that the differentiated 

cells were not red fluorescent, which was to be expected if the Arg1-Repaired allele was being expressed. 

It is possible that these hepatocyte-like cells were not actually repaired, or that they are simply not 

expressing Arg1 in vitro at this stage of differentiation. These cells likely do not mature fully in culture to 

the stage where Arg1 expression is induced, and it remains to be seen if they will fluoresce once 

introduced in vivo.   
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Chapter 5 

Conclusion and Future Directions 

To summarize, this study was successful in developing a gene editing system to alter the genome 

of Arg1-deficient mouse cells. The scope of this thesis was to start from the design stage of Cas9:gRNA 

and replace genetic material that had previously been deleted in mice with DNA that could distinguish 

between repaired and wild-type alleles. In this regard, I was able to attain integration of a targeting vector 

containing repair DNA with a reasonable level of confidence, and showed that the hepatocyte 

differentiation protocol was successful for iPSCs from the diseased mice. The next person to continue this 

project should be able to take cells that were cryopreserved after puromycin selection (at the Arg1-

Targeted stage) that had been PCR and sequence-confirmed, and continue the gene editing process from 

this stage. Also, it should be possible to implement the hepatocyte differentiation protocol given in this 

text without much trouble. 

The steps that were not completed in this study were to confirm the authentic insertion of the 

right arm of the targeting vector and to confirm proper excision of the selection cassette after gancyclovir 

selection. The former will likely need some PCR optimization steps, while the latter might require 

complete redesign of the PCR assay. In addition, the Southern blot protocol implemented here but not yet 

perfected needs to be carried out. This ground breaking work will hopefully afford the next researcher the 

ability to gene edit cells in a timely fashion so that functional assays for enzyme expression and in vivo 

trials can be performed. It is important to stipulate, however, that the results found from in vivo studies 

may have limited implications for the human disease. The arginine-metabolite profile is similar in mice 

and in humans with arginase-1 deficiency 26, but the disease manifests quite differently in the two. For 

instance, once Arg1 is knocked out in mice, they undergo metabolic decompensation very rapidly (~14 

days post-tamoxifen), whereas humans with the disease are unlikely to die due to ARG1-deficient 

complications and show only episodic hyperammonemia 1. That being said, this preclinical animal model 
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is still useful in testing gene editing enzymes and the mechanisms for reintroducing iPS cells after 

correction. Also, it remains to be seen what percentage of the liver needs to be made up of Arg1-Repaired 

cells, but there is currently research being done in the Funk lab in transplanting WT hepatocytes to rescue 

these mice, suggesting that 15% WT cells is sufficient to rescue Arg1∆ mice. Further work will hopefully 

provide some insight into the amount of repaired liver cells that are needed in order to rescue humans 

from ARG1-deficiency. 

Ultimately, this project will serve as pilot research for the use of gene editing in human cells for 

the purpose of developing alternative therapies. Gene editing is currently being studied in human cells in 

the Funk lab, and the work described here may help bolster the results found in those studies. Use of gene 

editing nucleases has the potential to profoundly affect the way we practice medicine. Since their 

discovery, the use of stem cells has excited researchers and clinicians alike. Being able to manipulate the 

genome of these cells opens the scope of application even more for stem cell therapy. 

Gene editing nucleases could drastically change the genomic landscape for the various life forms 

that we interact with. They have the potential to greatly affect industry, agriculture, pharmaceuticals as 

well as medicine. Breeders and agriculturalists have been selecting for favourable characteristics leading 

to modifications in the genomes of plants and crops. Using genome engineering and gene editing allows 

for the deliberate modification of genes, streamlining this process. The “CRISPR craze” has begun 111, 

and it remains to be seen how profoundly these new gene-editing tools will affect the landscape of plant 

and animal research. 
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